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Abstract:  We consider the s t ructure  of two-body scattering amplitudes, concentrating 
on those reactions in which the "internal" quantum numbers  exchanged correspond 
to the quantum numbers  of a single part icle,  different from those of the vacuum. 
We compare conventional Regge-pole models (in which dips as a function of t are 
caused by "nonsense" factors) with our s trong-cut  model (in which dips are caused 
by a diffractive mechanism). In the conventional models, the systematics of the 
angular s t ructure  are determined by the nature of the exchange, as well as by the 
helicity s t ructure  and factorization. In the strong-cut  model, the systematics of 
the angular s t ructure  are determined exclusively by the helicity s t ructure  of the 
amplitude (except for slight modification in the case of pion exchange, due to the 
proximity of the pion pole to the physical region); most important is the net hel ic i -  
ty flip of the amplitude. We examine experimental data, par t icular ly  with regard 
to dips near  - t  (or -u) ~ 0.2 or 0.6, and near  t = 0. It is found that whenever a 
distinction can be made, the s t rong-cut  model is favored over the conventional 
models (even including cuts determined by cenventienal absorption models). F u r -  
ther  experimental  tests  are proposed. Double-particle exchange processes ,  ene r -  
gy dependence, effects of t-channel unitari ty and duality are discussed. 

1. INTRODUCTION 

In th is  p a p e r  we d i s c u s s  the e n e r g y  d e p e n d e n c e  and the a n g u l a r  d e p e n -  
d e n c e  of p a r t i c l e  exchange  h i g h - e n e r g y  two-body  p r o c e s s e s .  T h e s e  a r e  a l l  
p r o c e s s e s  tha t  c anno t  p r o c e e d  by the exchange  of a s y s t e m  with the qua n t um 
n u m b e r s  of the v a c u u m .  We a r e  p a r t i c u l a r l y  i n t e r e s t e d  in  s e p a r a t i n g  e f fec t s  
which  a r i s e  f r o m  d e t a i l s  of the exchange  m e c h a n i s m  f r o m  those  which a r e  
due to the s t r u c t u r e  of a b s o r p t i v e  e f fec t s .  

The s t r u c t u r e  we a r e  p r i m a r i l y  c o n c e r n e d  wi th  i s  the dip and b u m p  
s t r u c t u r e  s e e n  in  the a n g u l a r  d i s t r i b u t i o n  of s o m e  c r o s s  s e c t i o n s ,  and the 
r e l a t e d  " c r o s s o v e r "  z e r o s  s e e n  in the d i f f e r e n c e  of e l a s t i c  c r o s s  s e c t i o n s .  

In the c o n v e n t i o n a l  R e g g e - p o l e  m o d e l s  u sed  to d e s c r i b e  the r e a c t i o n s  we 
a r e  c o n s i d e r i n g ,  t he se  e f fec t s  a r e  a t t r i b u t e d  to v a r i o u s  c a u s e s :  a c c i d e n t a l  
v a n i s h i n g s  of the R e g g e - p o l e  f o r m  f a c t o r s  (i .e.  f a c t o r i z e d  r e s i d u e s ) ,  s o -  
ca l l ed  " n o n s e n s e "  z e r o s ,  and  e f fec t s  of exchange  d e g e n e r a c y .  

* Research supported in part  by the US Atomic Energy Commission.  
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However in the absorpt ion model,  these effects can be at tr ibuted to one 
single effect,  re lated to s imi la r  s t ruc tu re  in many branches  of physics  other  
than high-energy physics .  In the absorpt ion model a react ion has two a s -  
pects ,  exchange and shadowing. The shadowing of the r e a r  par t  of each p a r -  
t icle by its front  pa r t  during the collision d e c r e a s e s  the likelihood that a 
pa r t i cu la r  exchange will occur  in a head-on collision of the two objects .  If 
the shadowing is s t rengthened compared  to es t imates  based on elast ic  s ca t -  
ter ing it resu l t s  in s t rong suppress ion of the react ion in a head-on collision 
so that the exchange can occur  only if the par t ic les  pass  at a cer tain d i s -  
tance f rom each other.  If they pass  at a g rea t e r  or  l e s s e r  dis tance,  there  
is little possibi l i ty of exchange. Thus, there  is a re la t ively sharp  boundary 
in impact  p a r a m e t e r  at which the p r o c e s s  occurs .  This is s imi l a r  to light 
pass ing a smal l  black object yielding a diffract ion pattern.  The ra the r  ob-  
vious analogy to be drawn f rom s imi la r  pat terns  at h igh-energy has been 
re jected up to now because  a sharp boundary is known not to be p resen t  in 
the mat te r  dis t r ibut ions of s t rongly in teract ing par t ic les .  Using e lec t rons  
as  probes  they have been found to be fuzzy objects.  The s t rong absorption 
theory takes the fuzziness  into account  and yet  predic ts  the sharp  boundary 
for  exchange react ions .  

It is  well established that virtual  hadronic par t i c les  a re  composi te ,  and 
therefore  must  be Reggeized. One can easi ly see that absorpt ion,  which is 
related to the geomet r ica l  s t ruc tu re  of the sca t te r ing  par t i c les ,  has no ef-  
fect  on the angular  momentum proper t i e s  of an e lementary  exchanged p a r -  
ticle. Thus,  it is essent ia l  to have a Regge pole input to the absorption 
model. 

The two possible sources  of the angular  s t ruc tu re  a re  that the s t ruc tu re  
be par t  of the exchange mechanism,  as  is typical of conventional Regge-  
pole ampli tudes,  slightly modified perhaps  by absorption effects ,  o r  that it 
be due to s t rong absorption effects s u p e r i m p o s e d  on a smooth Regge pole 
amplitude. The la t ter  theory [1] is called "s t rong-cu t  Reggeized absorpt ion 
model"  or  SCRAM. In its p resen t  form SCRAM contains undetermined but 
r e s t r i c t ed  p a r a m e t e r s  which a re  always constra ined to yield the appropr ia te  
diffraction pat terns .  

These two mechan isms  for  pat terns  in the angular  dis tr ibut ions can be 
dist inguished by examining the helicity dependence of the angular  s t ruc ture .  
In many cases  displaced pa t te rns  f rom ampli tudes with different  hel ici t ies  
a re  on top of each other  and must  be disentangled. By examining cer tain 
crucia l  exper iments  where a smal l  number  of helicity amplitudes dominate,  
the two mechan isms  can be dist inguished,  and the s t rong-absorp t ion  model 
is found to be co r rec t .  

The signif icance of this success  is twofold: it es tabl ishes  a c o r r e c t  de-  
scr ipt ion of s imple p r o c e s s e s  which can be used as a check for theor ies  
with wider application. It demons t ra tes  that very  s imple mathemat ica l  be-  
havior does not desc r ibe  h igh-energy react ions  in detail; instead,  physical  
models  like those of optics and low-energy  nuclear  physics  apply. Thus we 
establ ish that Regge pole exchange occu r s  in the amplitude as a "Born ap-  
proximat ion" ,  and we establ ish its fo rm;  on the o ther  hand, the amplitude 
does not consis t  solely of Regge pole exchange,  and the obvious angular  
s t ruc tu re  is due to the o ther  effects.  
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2. EXCHANGE ANALYSIS OF 2 -~ 2 REACTIONS 

2.1..General features 
H i g h - e n e r g y  two-body r e a c t i o n s  a r e  o b s e r v e d  to have angu la r  d i s t r i b u -  

t ions  peaked  at  the f o r w a r d  and backward  d i r e c t i o n s .  At high enough ene rgy ,  
the d i s t inc t ion  between the fo rwa rd  s c a t t e r i n g  c r o s s  sec t ion  and the b a c k -  
wa rd  s c a t t e r i n g  c r o s s  sec t ion  can be made  unambiguous ly .  When we w r i t e  
the r eac t i on  as  a + b  -~ c + d  we r e f e r  to the f o r w a r d  c r o s s  s ec t ion ,  i . e . ,  that  
p a r t  in which c cont inues  in a p p r o x i m a t e l y  the s a m e  d i r e c t i o n  as  a. (The 
r e m a i n d e r  of the c r o s s  sec t ion  i s  then wr i t t en  a + b  -~ d+ c.) We o b s e r v e  this  
convention throughout  th is  pape r .  

A ve ry  i m p o r t a n t  c h a r a c t e r i z a t i o n  of the r eac t i on  a + b - ~  c + d  i s  the i n -  
t e r n a l  quantum n u m b e r s ,  B, Y, I, Q, e tc . ,  (but not J ,  P) l o s t  by a in f o r m i ng  
c,  i . e . ,  the i n t e r n a l  quantum n u m b e r s  of the ~ + a  s y s t e m  (see  fig. 1). The 
o b s e r v e d  s i ze  of the c r o s s  sec t ion  and i t s  ene rgy  dependence  depend on 
whe the r  these  quantum n u m b e r s  a r e  i den t i ca l  to the quantum n u m b e r s  of 
the vacuum,  of one p a r t i c l e ,  o r  of two, as  spe l l e d  out in tab le  1. 

Fig. 1. Kinematics of the reaction a+b ~ c + d .  Each part icle has helicity Xj. 
The momentum transfer  q, and the s-  and t-channels are shown. 

These  r e s u l t s  demand  some  kind of p a r t i c l e  exchange  d e s c r i p t i o n  of 
h i g h - e n e r g y  r e a c t i o n s ,  with hopefully r ap id  conve rgence  in the number  of 
p a r t i c l e s  exchanged.  The ene rgy  dependence  of t y p e - R  r e a c t i o n s  (see  d e f i -  
ni t ion in t ab le  1) does  not a g r e e  with e l e m e n t a r y  p a r t i c l e  exchange:  

da s2J-2 (~ CC-~ CC 

where  J i s  the spin of the exchanged p a r t i c l e .  Ins tead  an a p p r o x i m a t e  d e -  
pendence  

d__a ccs  2a( t ) -2  
dt 

has  been o b s e r v e d  for  a n u m b e r  of c a s e s  with the ex t r apo la t ion  of a(t) 
y i e ld ing  the o b s e r v e d  sp in ,  of the exchanged p a r t i c l e  i . e . ,  a(m 2) = J.  The 
b e s t  example  i s  ~ p -- ~ n m e a s u r e d  by S o n d e r e g g e r  and c o l l a b o r a t o r s  [3]. 
They find an a p p r o x i m a t e l y  s t r a i g h t  t r a j e c t o r y  a(t) e x t r a po l a t i ng  through 

* Much of the material  in this section is well known, see e.g.the review by 
Barger [2]. 
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Table 1 
Relationship between the cross section for/>lab ~ 3 GeV 

and the exchanged quantum numbers. 

Type 
Internal Example Relative size Energy dependence 

quantum numbers of of of integrated 
correspond to reaction cross section cross section 

V vacuum elastic large approx, constant 

pp -~ NI*P 

R one partiele ?r-p -* yon large at s - n  

7r-p --* K°~ ° low energy -1 ~ n ~ -4 

R 2 two particles 7r-p --* K+~ - very small ? 

unity at t = m 2 Other  exper iments  have yielded ~ 0 for  smal l  - t  (ref [4]), 0" ~ • 
and aN(u) , an(u) approximately  l inear  t r a j ec to r i e s  extrapolat ing back rough-  
ly to a = ½, ~a t  M 2 and M 2 ,  respect ive ly  [5-10]. 

These resu l t s  ~'uggest that vir tual  par t i c les  (e.g., those exchanged at 
high s and with t of o rde r  M 2) should be descr ibed  as Reggeons. (Thus, in-  
stead of consider ing a single par t ic le  of fixed spin, the t -channel  par t ia l  
wave amplitude has a moving pole in the j -p lane ;  the t r a j ec to ry  involves a 
s e r i e s  of par t ic les  o r  resonances  at appropr ia te  values of j ,  t). This resu l t  
is very appealing since it cor responds  to a composi te  p ic ture  for  par t i c les  
(e.g., bound and excited s ta tes  in Schroedinger  theory lie on Regge t r a j e c -  
tories) .  

The V-type react ions  (i.e. vacuum exchange; see table 1) rece ive  con t r i -  
butions f rom Reggeon exchange (e.g., fo exchange). However,  the main con-  
tribution, descr ibed  by the t e rm "diffract ion" o r  Pomeron  exchange, is 
probably not par t ic le  exchange. Its mathemat ica l  fo rm is not known. We will 
not, then, d iscuss  elast ic  or  diffract ive,  inelast ic  p roces ses .  We hope, 
however,  that when we fold diffract ive effects with par t ic le  exchange p r o -  
cesses  as d iscussed  below, that detailed knowledge of the diffract ive effects 
will be unimportant.  

Consider  a react ion with Reggeon exchange allowed. The exchange of 
more  than one Reggion is hopefully a re la t ively smal l  co r rec t ion  (to be d i s -  
cussed immedia te ly  below). It is c lear ,  however,  that vacuum exchange ef-  
fects  should accompany the exchange of a Reggeon. The physical  a rguments  
a re  d i scussed  in detail  in HKPR [1]. Double Reggeon exchange and Reggeon-  
vacuum exchange amplitudes a re  Regge cuts [11]. We will call vacuum ex-  
change contributions assoc ia ted  with a pa r t i cu la r  Reggeon exchange the 
"principal cut" assoc ia ted  with that Regge pole. Another te rm we use is the 
"absorption cor rec t ion" .  

The principal  cuts o r  absorpt ion co r rec t ions  may be re la t ively la rge  
compared  to the Regge pole. A main purpose of this paper  is to p resen t  
some evidence for  large  pr incipal  cuts. The calculation of pr incipal  cuts,  
based on ideas of absorpt ion,  is d i scussed  in sect.  3 below. 
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2.2. Double-Reggeon ex¢hange (R 2 ty#e reactions ) 
At p r e s e n t  in the deve lopmen t  of the theory  of h igh -ene rgy  two-body r e -  

ac t ions ,  one r ecogn izes  the poss ib l e  i m p o r t a n c e  of two-Reggeon exchange 
but i s  unable to find def ini t ive e x p e r i m e n t a l  evidence  o r  to do any kind of 
comple te  calculat ion.  We l imi t  cons idera t ion  of two-Reggeon exchange r e -  
ac t ions  to this in t roduc tory  sect ion.  The e x p e r i m e n t a l  evidence  is of two 
kinds:  (i) obse rva t ion  of p r o c e s s e s  r equ i r ing  double-Reggeon (especia l ly  
double charged  meson)  exchange,  (ii) deviat ion of the ra t io  of two s ing le -  
exchange "al lowed" r e a c t i o n s  f r o m  the value expected  f r o m  the i so topic  spin 
of the s ingle  exchange.  At low energy  (RL < 3 GeV/c) the r a t e s  for  double-  
exchange p r o c e s s e s  a r e  not s m a l l ,  but a r e  fal l ing ve ry  rapidly  with energy  
[12, 13]. (We note,  in this connection,  that  s e v e r a l  al lowed (R-type)  p r o c e s -  
s e s  a lso  fal l  much  m o r e  rap id ly  as  a function of s at  low energy  than they 
do a t  high energy . )  At higher  energy  the r a t e s  a r e  ve ry  smal l .  T h e r e  is  no 
r e a s o n  ( theore t ica l  o r  expe r imen ta l )  to be l ieve  that  the r a t e s  continue to 
d rop  ve ry  rapidly  with energy.  

The th ree  r ep o r t ed  o b s e r v a t i o n s  a r e  

+ * 

~z-p -* K Y1 ' (2) 

p~-~ r.-z -=, (3) 

K-p -~ n + ~ - .  (4) 

The evidence  for  the f i r s t  [14] t at  the highest  energy ,  4 . S G e V / c ,  is  poor ,  
because  of the poss ib i l i ty  of r e f l ec t ions ,  e .g . ,  confusion with the final s t a te  
K*A in (2). React ion (3) (ref._f. [15]) is  o b s e r v e d  at  5.7 GeV/c.  I ts  ra t io  to 
the t y p e - R  reac t ion  pp--* ~ + ~ + ' i s  found to be 

a(p~--*Z Z ) 1 . 3 ± 0 . 4  pb  (5) 
a(p~--*~+~---V)- 3 3 ± 4  ub ' 

and it  is  o b s e r v e d ,  as  expec ted  theo re t i ca l ly ,  that the double exchange p r o -  
c e s s  has  a f l a t t e r  angu la r  d is t r ibut ion  than the s ingle  exchange.  At 4.06 and 
5.47 GeV/c, (combined e x p e r i m e n t s )  reac t ion  (4) (ref.  [16]) has been ob-  
se rved .  

a(K-p--* 7r +~,-) 2 events  1 
- -  ( 6 )  

~ K - p  -~ ~-~+) 395 events 200" 

Upper l im i ts  have been determined in other reactions: 

7T-p~ K+~ - , 

K-p ~ pK-. 

One finds in the 4-5  GeV range  [17] 

J" We would like to t k ~ k  ~oZ,~lk~wlcfor sending us Dalitz plots of the data. 
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a(~-p ~ tf+Z -) 
< 

a(~+p-~ K+~ +) 
while at 3.55 GeV/c (ref. [12]) 

(r(K-p -. pK-) 

e(S+p -~ pK +) 

0 . 2 + 0 . 2  ~ b £  1 
80 pb ~ 350 '  

(7) 

1.4 ~b ~ 1 (8) 
< 30 + 1 ~b 2--0" 

The upper l imits  quoted cor respond  to the c ros s  section that would have ap-  
plied if one event had been seen. In all these cases  the double-exchange 
p roce s s  could involve exchange of a charged s t r a n g e n e s s - z e r o  boson in ad- 
dition to the type of Reggeon exchanged in the allowed react ion in the de-  
nominator .  

Detection of the smal l  double-exchange amplitude by measu remen t  of 
charge ratio proves  to be even more  difficult. It is in teres t ing to note that 
the mass  of bubble chamber  data on charge  ra t ios  is consis tent  with large  
deviations (say 50%) f rom the predic t ions  for  no I = 2, Y = 0 and no I = {, 
Y = ±1 boson exchange. It is ,  on the other  hand also consis tent  with accu -  
ra te  sat isfact ion of the predic ted charge rat ios.  Ratios involving broad r e -  
sonances a re  suspect  and probably should not be considered unless grea t  
care  has been taken in in terpre t ing  the Dali tz  plot. One a rm  spec t rome te r  
measu remen t s  involving broad resonances  may not be of value. P romis ing  
ra t ios  to meas u re  a re  

7r÷d-~ K+~+n , 

K°Z+p,  

-~ K+Z°p,  (9) 

Td ~ K+~ °n  , 

-, K+Z-p , (10) 

~+d-~ K+~ + , 

~.-p .-, K° >-:, ° " (11) 

It is  difficult to think of o ther  cases ;  some p~ reac t ions  may be promising.  
The ratio (10) has been measured  at SLAC [18] without observ ing  the 

final baryons  direct ly .  The resul t  is a 30% deviation in ra te  f rom the I = ½ 
exchange charge  ratio.  The resul t  needs to be conf i rmed,  because  the 
method for  separa t ing  the reac t ions  is indirect .  

In s u m m a r y ,  exper iments  have not real ly  sett led the question of the re la -  
tive s ize  of double exchange. With the exception of two reac t ions  (6), (7), 
the double-exchange amplitude might typically be { the magnitude of single 
exchange. With the exception of one other  react ion,  (5), the number  might 
be l ess  than, o r  about, ~ of  s i n g l e  exchange. 
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Theore t ica l ly ,  while it is difficult  to predic t  the magnitude of double ex-  
change, something can be said about angular  d is t r ibut ions ,  and the energy 
dependence can be predic ted.  Let  us now examine the theore t ica l  situation. 

The energy dependence at high energy for  exchange of two Reggeons with 
t r a j ec to r i e s  al( t  1) and a2(t2) is ,  at l a rge  s ,  

a 0= ](s(al(t l  )+ a2(t2) -2))12 , (12a) 

where the average  is over  kinemat ical ly  allowed t i values. It is appropr ia te  
to take the t i near  ze ro ,  so we have the c r o s s  sect ion dec reas ing  as 

adouble s2a2 -2 -2 
- -  c c  - -  s , (12b) 
aallowed In 2 s 

where  the added Reggeon is a ssumed  to be a vec tor  o r  tensor  boson. The 
double exchange c r o s s  sect ion should not d e c r e a s e  rapidly,  i .e . ,  not like 
acc s-10.  Instead,  we imagine that a is l a rge  at low energ ies ,  over  a shor t  
energy interval  a d e c r e a s e s  very  rapidly to a smal l  value, and then it fol-  
lows the law (12) (ref. [19]). There  is p resen t ly  no confirmation of this 
Regge cut predict ion.  There  is also no evidence suggest ing d isagreement .  

The angular  dependence of double exchange should, on the whole, be 
b roade r  than single exchange because  sma l l e r  impact  p a r a m e t e r s  a re  in-  
volved in the fo rmer .  Consider  the slope A,  in da/dt  oc eAt. Assume A ~ 8 
for  the Reggeon exchange input. For  single exchange including absorpt ion 
the average  slope of the angular  dis tr ibut ion will be between A and ~ i  or  
about 6. For  double exchange it will be between ~A and -~A or  about 3.5. 

The magnitude of any double exchange is hard to pred ic t  because there  
a re  many exchanges and in te rmedia te  s ta tes  to consider .  There  a re  theore t -  
ical  indications of s t rong  cancel la t ions in cer ta in  reac t ions  [20], which may 
explain the var ia t ions  observed  in reac t ions  (5)-(8). 

We conclude that,  especia l ly  at l a rge r  momentum t r ans fe r  and lower  
energ ies ,  double exchange may be a signif icant  cor rec t ion  to single exchange: 
about 10% in amplitude at 5 GeV/c  and probably signif icantly g r ea t e r  at 
l a rge  -t. Because  the contribution is p resen t ly  not known and not p r ed i c t -  
able we a re  fo rced  to neglect  double exchange f rom the r e s t  of our  cons idera-  
tions. But we must  keep in mind that this is an approximat ion which may not 
be too good in some situations.  

3. ANGULAR DEPENDENCE OF R - T Y P E  REACTIONS 

3.1. Introduction 
It is observed that 2 --* 2 single-Reggeon exchange amplitudes often have 

what appears to be a simple zero as a function of t or u at small negative 
t or u (e.g., -t < 1 GeV2). In this section we wish to consider several as- 
pects of the angular distributions, especially these zeros. 

The amplitudes are cornplex, so that for real t (similar remarks apply 
to u) we do not expect exact zeros. We can ask, however, whether simple 
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Or h ighe r -o rde r  ze ros  occur  near  the rea l  t -axis  in the analytic continua- 
tion of the amplitudes.  

There  a re  a number  of in teres t ing questions that should be asked about 
the p roper t i e s  of these zeros .  Do ampli tudes have more  than one zero  in t 
as would be cha rac te r i s t i c  of an absorbing region with a sharp  spatial  
boundary? No extensive exper imental  information is available,  although 
second dips are  seen in some elast ic  react ions .  Which ampli tudes exhibit 
the t-dependence most  d i rec t ly?  What de te rmines  the p resence ,  o r d e r  and 
position of ze ros?  We will compare  Regge pole models  with ze ros  in t a s -  
sociated with "nonsense fac to r s"  to a model in which ze ros  occur  due to 
po le -absorp t ive  cut in ter ference .  In pa r t i cu la r  we wish to de te rmine  whether  
the ze ros  charac te r i z ing  the angular  s t ruc tu re  a re  due to the "Born" ex-  
change ampli tudes,  or  to in te r fe rence  with the absorpt ion cor rec t ions  made 
to these. We shall see that the crucia l  tes t  is the helicity dependence of the 
s t ruc tu re  in these two eases.  

In high energy models  ei ther  with or  without cuts,  the s -channel  helieity 
amplitudes exhibit the re levant  s t ruc tu re  ra the r  than e.g. ,  the t -channel  
helieity amplitude or  the invar ian t  amplitudes.  Consider  par t i c les  with d i -  
rec t  channel heliei t ies h a, hb, he, h d in the e.m. f r ame  as in fig. 1. As a 
consequence of angular  momentum conservat ion,  the amplitude sa t i s f ies  

1 

Thahbhchd cc (t o _ t) ~n  ' 

where  

O to = t(o ) , o ,  
S---* oo 

n =  In 1 - n  21,  n l  = x a - x e ,  n2 = x b - x d -  

Consider boson exchange. (A slight modification is needed for  fe rmion ex-  
change.) If the amplitude connects only e igenstates  of one pari ty in the 
c rossed  channel, then at high .s, 

T~ahbhcXd = ±T_Xa ' kb, -k c, k d , 

i .e . ,  up to a sign it is invariant  under 

n 1 ~ -n 1. 

Single Regge-pole  exchange is assoc ia ted  with definite pari ty.  It follows that 
Regge-pole  amplitudes sat isfy 

TXa, kb ' Xc,k dcc  (t o _ t) ½(n+x) ' (14a) 

where  

n + x = {n 1l + In2 [ = larger of ({n I -n 2 I, l(-nl ) -n21)" (14b) 
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Note that  x i s  even. The s i tua t ion  with x > 0 i s  ca l l ed  "evas ion"  
An e s s e n t i a l  d i s t inc t ion  between s t r u c t u r e  in t due to the Re gge - po l e  

ampl i t udes  and s t r u c t u r e  due to s - c h a n n e l  e f fec t s  (absorp t ion)  i s  that  the 
f o r m e r  s t r u c t u r e ,  in p a r t i c u l a r  a s  i t  depends  on h e l i c i t i e s ,  f a c t o r s  in the 
t - channe l  while the l a t t e r  does  not. Thus the Regge pole  ampl i tude  has  the 
fo rm + c ( [n  1 [, t) c(tn 2 I, t) while  if t -dependen t  s t r u c t u r e  i s  due to s - c h a n n e l  
e f fec ts  (absorp t ion)  i t s  f o rm  is  f(n, t) which does  not f ac to r .  We wil l  d i s -  
cuss  how to use  th is  f a c t o r i z a t i o n  to d i s t i ngu i sh  which of these  a p p r o a c h e s  
a g r e e s  with expe r imen t .  

In the r e m a i n d e r  of th is  sec t ion  we wil l  c o n s i d e r  the a bs o r p t i on  ef fec ts  
in the i m p a c t  p a r a m e t e r  r e p r e s e n t a t i o n ,  for  n = x = 0 and a s i m p l e  Regge -  
pole  input  in o r d e r  to deve lop  some  qua l i t a t ive  notions.  Then we wi l l  con-  
s i d e r ,  f rom the s tandpoin t  of t -dependence ,  the va r i ous  i n t e r e s t i n g  Regge 
pole  a m p l i t u d e s ,  the he l i c i ty  dependence  in the p r e s e n c e  of cuts ,  and con-  
nec t ions  with e x p e r i m e n t .  

3.2. Qualitative t-~dependence in the absorption model for  helicity non-flip 
Cons ide r  an n = x = 0 ampl i tude ,  i . e . ,  no he l ic i ty  change a t  e i t h e r  v e r -  

tex. Le t  us  examine  the p o s s i b i l i t i e s  fo r  a s i m p l e  ze ro  at  s m a l l  t o r  a s e r i e s  
of s i m p l e  z e r o s .  E x p e r i m e n t s  show a ze ro  at  - t  ~ 0.15 to 0.25 a s  d i s c u s s e d  
below. 

It i s  usefu l ,  both for  pedagog ica l  and for  ca l cu l a t i ona l  p u r p o s e s ,  to con-  
s i d e r  the ampl i tude  in the i m p a c t  p a r a m e t e r  r e p r e s e n t a t i o n .  The t r a n s f o r -  
mat ion  between the i m p a c t  p a r a m e t e r  r e p r e s e n t a t i o n  and the momen tum 
t r a n s f e r  r e p r e s e n t a t i o n  a r e  

c o  

M(t) = 2q 2 f bdbA(b)Jo(b~rZt), 
o 

oo  

A(b) = f d _ ~  M(t) J o ( b ~ ) .  
o 4q 2 

(15) 

At high ene rgy ,  a c o r r e s p o n d e n c e  can be made  with the p a r t i a l  wave e x -  
pans ion  

M(t) = ~ (2/+ 1) alPl(COS 0). (16) 
l 

We mul t ip ly  th is  equation by 5 l = 1 and make  the se t  of a p p r o x i m a t i o n s  

Pl(COS O) ~-, Jo(b~r:t) , a I ~ A(b). (17) 

Although the i m p a c t  p a r a m e t e r  r e p r e s e n t a t i o n  iS exac t  a t  a l l  e n e r g i e s ,  a 
h i g h - e n e r g y  a p p r o x i m a t i o n  i s  made  when co ns e r va t i on  of angu la r  momen tum 
i s  taken to r e s u l t  in conse rva t i on  o r b .  Thus ,  a double  s c a t t e r i n g  which 
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takes place in the same  par t ia l  wave is considered to take place at the same 
b. 

The amplitude in an absorpt ion model is given in t e r m s  of a Born t e rm 
MP(t)  and the e las t ic  S -ma t r ix  S el by the Sopkovich p resc r ip t ion  [21-24]. 

a l = s ~ l a f .  

Thus we have in the impact  p a r a m e t e r  represen ta t ion  

A (b) = sel(b)A P (b). (18) 

This is the elast ic  sca t te r ing  prescr ip t ion  for  absorption.  
The t ransformat ion  between the impact  p a r a m e t e r  and t r epresen ta t ions  

is identical  to the t rans format ion  in c lass ica l  optics between the position on 
a diffract ing object and the angle of the sca t te red  light. Jus t  as an object  
with a sharp  edge gives r i se  to a diffract ion pat tern  with minima and secon-  
dary  maxima in the intensityj  an "edge" in A(b) will give r i se  to dips and 
secondary  maxima in ]M(t)]2. 

In the r e s t  of this section we will careful ly  examine the p roper t i e s  of 
(18) and general izat ions  of (18) in i m p a c t - p a r a m e t e r  space and in momen-  
t u m - t r a n s f e r  space in o rde r  to unders tand the ze ros  and their  posi t ions as  
de termined by var ious  absorpt ion models ,  assuming  AP(b) i tself  is smooth 
and genera tes  no ze ros  in t. 

The origin of the "edge" in the absorpt ion model is shown by the solid 
lines in fig. 2 (for an amplitude with n = x = 0). The elast ic  S -ma t r ix  can be 
writ ten as  

sel(b) = 1 + iTel(b).  (19) 

The t e rm 1 r ep resen t s  the unsca t te red  wave while T(b) is  the product  of a 
density of s tates  fac tor  and the impact  p a r a m e t e r  representa t ion  of the 
elast ic  sca t te r ing  amplitude. Exper imenta l ly ,  the e las t ic  sca t te r ing  ampl i -  
tude is approximately  an exponential in t, cc eat, with 2a ~ 7.5 GeV -2 for  
7rN. Its t r ans fo rm is then a Gaussian as shown in fig. 2a: 

aT -b2/4a -0.067b 2 ITel(b) l = ~ -  e ~ 0.67 e , 

where a T = 25 mb is the total c r o s s  section. Moreover ,  the e las t ic  s c a t t e r -  
ing is la rgely  imaginary ,  so 

S el "~1 - ]Te l (b)  l ,  

and we can rewrite eq. (18): 

A(b)'= A P(b) - [ Tel(b)IA P(b). 

We define the symbol  A C - iTel(b)A P(b), approximated by the second 

(20) 
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Fig .  2. The impac t  p a r a m e t e r  r e p r e s e n t a t i o n  of the abso rp t ion  mode l .  The sol id  
c u r v e s  a r e  e l a s t i c  abso rp t ion .  The dashed  c u r v e s  (1} a re  abso rp t ion  wi th  a c o h e r -  
ent  i ne l a s t i c  f a c t o r  k = 2. The dot ted  c u r v e s  (2} have c o h e r e n t  ine la s t i c  e f f ec t s  i n -  
c luded without  o v e r a b s o r p t i o n .  (a} The e f fec t ive  e l a s t i c  s c a t t e r i n g  ampl i tude .  The 
d o t - d a s h e d  cu rve  is  the i ne l a s t i c  con t r ibu t ion  to (2). (b) The e f fec t ive  e l a s t i c  S -  
m a t r i x  S~ff = 1 - Tef f .  (c) The R e g g e - p o l e  input ampl i tude .  (d) The ampl i tude  
A(b} =A!1-' (b) × S e r  f .  The cu rve  x 5 is  cu rve  (2) en l a rg ed  by a f a c t o r  of 5, to show 

i ts  r e s e m b l e n c e  to a 5- func t ion  at  b o. 
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t e rm in (20) *. sel(b) is the solid curve  shown in fig. 2b. The Regge pole 
input (discussed below) is taken for  the purposes  of our  immedia te  a rgu -  
ments  roughly as an exponential in t as well,  so its t r ans fo rm is approxi -  
mately  Gaussian as  shown in fig. 2c. In o r d e r  to c a r r y  out the absorpt ion,  
eq. (18), we multiply S el of fig. 2b by the Regge pole of fig. 2c, and obtain 
the amplitude (solid curve) shown in fig. 2d. By compar i son  with the input 
pole amplitude,  we see that the absorbed  amplitude has an edge at b ~ b o. 
Very roughly,  the amplitude will be propor t ional  to 

b o Jl(bo~Ct) 
f Jo (bV-~t)bdb= .¢U~-- (21) 
O 

This function has ze ros  at  bo~/:-/= 3.8, 7.0, . . .  In fig. 3 we plot the ampl i -  
tude f rom actually evaluating the t r ans fo rm,  (still the solid curve).  The 
f i r s t  zero still  appears ,  b o in fig. 2d has been marked  so that boC:-/= 3.8 at 
this zero.  The higher ze ros  do not appear  since the edge is not sufficiently 
sharp.  

As with o ther  t r a n s f o r m s ,  an "uncertainty pr inciple"  re la tes  the s ize  of 
s t ruc tu re  in b with the size of s t ruc tu re  in ~ This relat ion is 5b 5 ~ ~ ~r. 
For  an edge effect there  a re  two re levant  s izes ,  namely the position b o of 
the edge and the thickness Ab of the edge region. For  an infinitely sharp  
edge, Ab = 0 so that in V - / t h e r e  a re  s t ruc tu re s  of s ize  ~/b o and oo. Thus 
for  Ab = 0 the s t ruc tu re  of s ize  ~/b o keeps repeat ing ad infinitum, causing 

Xb Thus there  is only one zero.  per iodic  zeros .  For  the actual  curve Ab > 2 o" 
In general ,  the number  of impor tant  ze ros  will be bo/Ab. 

If reasonable  p a r a m e t e r s  a re  used,  the position of the zero  is found to be 

t ~  -0. 55 (GeV/c) 2 ~  _(-~o~) , 3 " 8  2 

cor responding  to b o ~ 1.0 fm. Exper imenta l ly  the zero is at t ~ -0.2 (GeV/c) 2 
cor responding  to b o ~ 1.7 fro. If the zero  is due to absorpt ion the explana-  
tion must  be that the e las t ic  sca t te r ing  gives too smal l  an absorption.  (The 
necess i ty  of inc reas ing  the absorpt ion .is implici t  in the work of Gottfried 
and Jackson  [23].) 

It is  reasonable  to consider  that the effect  of absorpt ion is significantly 
s t ronge r  than that given by (18). We at t r ibute  the inc reased  absorpt ion to 
the effect of diffract ion inelast ic  scat ter ing.  Up to now, the absorpt ion mod-  
el is given by eq. (20). The f i r s t  t e rm is single sca t te r ing  (fig. 4a) while the 
second is double sca t te r ing  (fig. 4b). However,  o ther  double sca t t e r ings  a re  
poss ib le  (fig. 4c). If a '  and b '  a re  any s ta tes  with the same  internal  quantum 
numbers  as  a and b, respec t ive ly ,  then the react ion a + b  --. a '  +b '  can occur  
by diffract ion dissociat ion (subject to approximate  select ion rules) ,  and 
a ' + b  ' ~  c + d  can occu r  by Reggeon exchange. Thus the effective absorbing 

* This expression is also obtained from an eikonal approximation [25a], from a 
st~tistical approximation [25b] and from a Feynman diagram approach [25c]. The 
absorption approach has also been studied by L.Durand III and Y.T.Chiu (Yale Uni- 
versity thesis, unpublished). 
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Fig.  3. The absorption model amplitude as a function of t. The key for  the curves  is 
the same as in fig. 2. These curves  are  the Hankel t r ans fo rm of the corresponding 
curves  in fig. Sd. Curve (1) has one ze ro  while curve (2) has 2 ze ros .  The solid 

curve ,  without coherent  ine las t ic  effects ,  has a zero  at much l a r g e r  It  1 . 

a m p l i t u d e  T ef t  i s  the  s u m  of  e l a s t i c  and  d i f f r a c t i v e  i n e l a s t i c  a m p l i t u d e s ,  
i . e . ,  we  r e p l a c e  (18) and (20) by  

A(b) = se f f (b)A P(b) 

= A P(b) - [ reff(b)IA P(b), (22) 

w h e r e  

Tef f (b )  = T in (b )  + T e l ( b ) ,  

and T in i t s e l f  i s  an e f f e c t i v e  a m p l i t u d e  d e f i n e d  f o r  the  t w o - b o d y  r e a c t i o n  
i --* j hy s u m  o v e r  d i f f r a c t i v e  i n e l a s t i c  i n t e r m e d i a t e  s t a t e s  k: 

T in A P. : ~ T.. AP. 
ij k ~R 4;"  

We m u s t  i n c l u d e  e x c i t a t i o n  of  e i t h e r  o r  bo th  p a r t i c l e s  to s i m p l e  con t inuum 
s t a t e s  a s  w e l l  a s  r e s o n a n c e s .  E x p e r i m e n t s  i n d i c a t e  tha t  Re gge on  e x c h a n g e  
to a v a r i e t y  of  s t r o n g  r e s o n a n c e s ,  o r  to a few h u n d r e d  MeV of  l o w - m a s s  
c o n t i n u u m ,  i s  c o m p a r a b l e  w i th  any  p a r t i c u l a r  p r o c e s s  of  t h i s  k ind  [26] *. 
One  f inds  then  tha t  the  i n e l a s t i c  c o n t r i b u t i o n  to the  cut  a m p l i t u d e  M C ( t )  

In ref .  [26] it is  shown that a single contribution to T in is typica l ly  0.1 of T el .  



282 M. ROSS et al. 

a c 

b d 

4Ca) 

a c 

b d 

a C 

tl d 

a c 

(b) b d 4 
a c 

(c) b d 4 
Fig.  4. P ic tor ia l  representa t ion  of absorption model t e rms .  These are  not  Feynman 
d iagrams .  (a) Single Reggeon exchange. (b) Elast ic  absorption.  V is e las t ic  s c a t t e r -  
ing. (c) Coherent inelast ic  absorpt ion,  a t has the same quantum numbers  as a, etc.  

(de f ined  in c o n n e c t i o n  wi th  eq. (20)) i s  e x p e c t e d  to be  c o m p a r a b l e  to the  
e l a s t i c  i f  enough c o n t r i b u t i o n s  a r e  i n c l u d e d  to g ive  the  t o t a l  d i f f r a c t i v e  i n -  
e l a s t i c  c r o s s  s e c t i o n ,  and  if  the  s ign  of v a r i o u s  i n e l a s t i c  c o n t r i b u t i o n s  i s  
t he  s a m e  *. One can  show i n d e e d  t h a t  the  c o n t r i b u t i o n s . a r e  r e l a t i v e l y  
r e a l  and  l i k e l y  to be  the  s a m e  s ign  a s  the  e l a s t i c  c o n t r i b u t i o n  in a c o m p o -  
s i t e  m o d e l  [28]. H o w e v e r ,  the  l a t t e r  p o i n t  h a s  not  been  d e f i n i t i v e l y  f o r m u -  
l a t e d .  

In p r e v i o u s  w o r k ,  we a s s u m e d  tha t  the  d i f f r a c t i v e  i n e l a s t i c  a m p l i t u d e  has  
the  s a m e  t d e p e n d e n c e  a s  the  e l a s t i c  a m p l i t u d e ,  i . e . ,  ITeffJ  = X I T e l l .  In 
s o m e  d a t a  f i t t i n g  we a d j u s t e d  the  m a g n i t u d e  of the  i n e l a s t i c  a m p l i t u d e  to be  
s i m i l a r  to tha t  of the  e l a s t i c  s c a t t e r i n g .  Thus  we u s e d  a p p r o x i m a t e l y  
ITef f l  ~ J2Te l J ,  a s  shown by the  d a s h e d  l i ne  l a b e l l e d  ( 1 ) i n  f ig.  2a.  When  

we  c a r r y  t h r o u g h  the  a b s o r p t i o n  a n a l y s i s ,  we ge t  the  d a s h e d  c u r v e s  in 
f i g s .  2b,  2d and fig.  3. T h e r e  i s  a z e r o  n e a r  t = -0 .2  a s  d e s i r e d .  One i m -  
m e d i a t e l y  n o t i c e s  ( f igs .  2b and  2d) t ha t  a t  s m a l l  i m p a c t  p a r a m e t e r s ,  t h e r e  i s  
o v e r - a b s o r p t i o n ,  and  the p o l e  a m p l i t u d e  i s  m u l t i p l i e d  by a n e g a t i v e  n u m b e r .  

I t  i s  c o n c e i v a b l e  tha t  o v e r - a b s o r p t i o n  i s  p h y s i c a l ,  a l t hough  c o n t r a r y  to 
o n e ' s  i n tu i t i on .  It s e e m s  m o r e  r e a s o n a b l e  to t a k e  a n o t h e r  a p p r o a c h ,  by  a s -  
s u m i n g  tha t  s i m p l e  d i f f r a c t i v e  i n e l a s t i c  r e a c t i o n s  u n d e r g o  a b s o r p t i o n ,  a s  do 
R - t y p e  i n e l a s t i c  r e a c t i o n s .  Thus  we shou ld  t a k e  the  d i f f r a c t i v e  i n e l a s t i c  
s c a t t e r i n g  to be  r e d u c e d  a t  s m a l l  i m p a c t  p a r a m e t e r s ,  a s  shown by the  d a s h -  
do t  c u r v e  IT in ] in f ig.  2a.  The  i n c o m i n g  f lux  a t  s m a l l  i m p a c t  p a r a m e t e r  has  
been  l o s t  to c o m p l e x ,  m a n y - p a r t i c l e  i n e l a s t i c  p r o c e s s e s .  It i s  h igh ly  i r a -  

* This is a crude es t imate .  There  is no indication that this can be d i rec t ly  d e t e r -  
mined in the near  future f rom d i rec t  examination of s imple diffract ive inelas t ic  
p roces ses  (as opposed to determining M C through application of the absorption 
model).  Note that the sum of all si~nple diffract ive inelast ic  c r o s s  s e c t i o n s  i s ,  
within a fac tor  of two, half the e las t ic  c ros s  sect ion [27]. 
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probable  that the resul tant  pa r t i c l e s  f rom a highly inelas t ic  p r o c e s s  can be 
recombined to fo rm a final two-par t i c le  state.  Thus,  the inelast ic  contr ibu-  
tion to T eff should be concentra ted  at the " su r face"  because  the s imple in-  
e las t ic  ,states should make the dominant  contributions.  Adding T in to e las t ic  
sca t te r ing  we get the effective absorbing  amplitude T elf of fig. 2a (dotted 
curve ,  labelled 2). Car ry ing  out the absorpt ion we get the dotted curves  
labelled 2 in fig. 2b and 2d, and fig. 3. 

The pa r t i cu la r  curves  (2) were  calculated for  i l lus t ra t ive  purposes  as 
follows. Assume the s imple  inelast ic  p r o c e s s e s  that contribute a re  governed 
by the absorpt ion model under d iscuss ion ,  i .e . ,  for  s imple  inelast ic  p r o c e s -  
ses ,  at a given b 

ITinl = I B I - l v e f f  1 IBI ,  

o r  

IBI (I- " l Tell). (23) I rinl -'1+181 
For  s implici ty we take the dr iving t e rm IN] = C IT el [ 2. In the f igures  
(dotted curves  labelled 2) C = 56, and T el is the Gaussian d i scussed  above 
eq. (20), so that 

[Tin[  ~ ( 1 - [ T e l l ) = S  el ,  
smal l  b 

and where for  b sufficiently l a rge  so that TB[ << 1 

]Tin[  ~-. ]B I =C]Tel] 2 
l a rge  b 

The curve  for  ] Tin[ is the dot and dashed curve  of fig. 2a. We note that 
T in and T el a re  comparab le  in magnitude in conformity  with the d iscuss ion  
above. 

In the two cases  with s t rong  absorpt ion the total amount  of effective ab-  
sorpt ion is about the same.  (See fig. 2a o r  2b.) Since the curve  (2) is sma l l e r  
than the curve  (1) at smal l  impact  p a r a m e t e r s  in fig. 2a, it must  the re fo re  
extend f a r the r  out. This gives r i se  to a sha rpe r  edge, that is ,  a sma l l e r  hb. 
There fo re ,  m o r e  ze ros  a re  generated in the amplitude (2) as a function of L 
For  the pa r t i cu la r  curves  (2) and (1) of fig. 2d we get e i ther  two or  one ze ro ,  
as shown in fig. 3. As can be seen,  the di f ference between the two cases  is 
at l a r g e r  I t l ,  where the c r o s s  sec t ion is sma l l e r ,  and the re fo re  not so 
well de te rmined  exper imental ly .  Thus our  previous  successfu l  phenom-  
enology [1,29,  30] with an ove rabsorb ing  effective amplitude does not imply 
that overabsorp t ion  is physical .  

If only single sca t t e r ing  were  impor tant ,  there  would be no ze ros  of the 
type we a re  discuss ing.  By cons ider ing  double sca t te r ing ,  we get one zero.  
Including absorpt ion for  d i f f ract ive  sca t te r ing ,  and thus taking tr iple  s c a t -  
te r ing (i.e., through eq. (23)) into account  we get a s h a r p e r  edge, which can 
lead to two zeros .  For  cases  in which h i g h e r - o r d e r  sca t t e r ing  becomes  i m -  
por tant ,  we expect even m o r e  zeros .  Thus in nuclear  physics  many o r d e r s  
of sca t t e r ing  a re  needed so that the total absorpt ion at smal l  impact  p a r a m -  



284 M. ROSS et al. 

e te r s  is a lmos t  exactly 1 0 0 ~  As a resul t ,  the edge can become quite sharp ,  
and many diffract ion minima can be seen as a function of momentum t r a n s -  
fer.  

We conclude: a diffract ion like pat tern  in t can be an edge effect. The 
edge is not apparent  in the actual ma t te r  or  opacity dis t r ibut ions ,  but r a the r  
is genera ted  through inelast ic  reac t ions  in a multiple sca t te r ing  p rocess .  
The inelast ic  in termedia te  s ta tes  in double sca t te r ing  play two ro les :  They 
s t rengthen the cut, o r  absorpt ion co r rec t ions ,  inc reas ing  the radius c h a r a c -  
te r iz ing  the diffract ion pat tern ,  and they can sharpen the sur face  definition 
leading to a diffract ion pat tern  which may have more  than one zero.  

3.3. The Regge pole amplitude 
As stated above the observed  ze ros  in inelast ic  angular  dis tr ibut ions r e -  

quire  e i ther  that the Born t e rm (the Regge pole exchange amplitude M p) has 
these ze ros  at roughly the observed  posi t ions ,  or  that the absorpt ion c o r r e c -  
tion fac tor  serf(b) has a fa i r ly  well defined edge. We now review the way in 
which ze ros  might enter  di rect ly  through the Born term.  There  is cons ide r -  
able f reedom;  however ,  the cons t ra in t  of fac tor iza t ion should be powerful 
enough to reso lve  the question by compar i son  with data. 

In conventional Regge pole models  the full amplitude has a fac tor  

1 
sin ~a(t)" (24) 

There  a re  a var ie ty  of numera to r  fac tors  to el iminate the unwanted poles of 
t in (24): s ignature  ze ros ,  e.g. ,  sin ½ya if the par t ic le  spins a re  odd, non-  
sense ze ros ,  other  ghost  el iminating ze ros ,  etc. There  is no agreed  p r o -  
cedure  to fix all these fac tors  [31-33] o r  to de te rmine  fur ther  dependences 
such as additive or  mult ipl icat ive fixed poles.  In the conventional fo rmu la -  
tions when two of these numera to r  fac to r s  vanish at the same  value of t, 
with a(t) = integer ,  the amplitude does not mere ly  lack a pole, it vanishes!  
Of the var ie ty  of conventional cases  two a re ,  perhaps ,  in te res t ing  enough 
to exhibit. 

We will consider  three Regge pole models ,  including one unconventional 
one which will be d i scussed  below. The other  two a re  a model,  N, with 
ze ros  in flip ampli tudes as required  by "nonsense"  a rguments  but not in 
non-fl ip amplitudes where not so requi red ,  and a model V with ze ros  in 
both flip and non-fl ip ampli tudes where  a zero is requi red  in the flip ampl i -  
tude. Model N has been the mos t  popular  model among Regge polologis ts .  
Model V has been suggested by exchange degeneracy  a rguments  [34, 35]. The 
Veneziano model [36] is of this type. 

Let us work in t e r m s  of the following example:  the magnitudes of the 
helicity changes at each ver tex ,  (nl ,n2)  a re  (0,0),  (0, 1) and (1, 1). Con- 
s ider  a(tl) = 0. The ze ros  at t = t 1 a re  given in table 2 with the two conven- 
tional Regge models  of in te res t  in columns two and three,  Near  t l ,  the net 
amplitude is a complex constant  t imes the fac tor  shown, It is  seen that f ac -  
tor izat ion applies.  In the model N there is a fac tor  a ( In l l  + ln21). In the 
model V, every  amplitude vanishes l inear ly  at t = t 1. 

Several  authors  [37-39] have shown that these ze ros  a re  not necessa ry .  
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T a b l e  2 
Behaviour at a = 0 in various Regge-pole amplitudes. 
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H e l i c i t i e s  Regge-pole model 

n 1 n 2 n S N V 

0 0 0 1 1 

1 - 1  01. 1 a 2  
1 1 2 J 

If there  a re  cuts in the j -p lane  the amplitude will genera l ly  have fixed poles 
at nonsense ,  wrong s ignature  values of j. It is to be expected that these 
poles in te rac t  with Regge poles in a par t ly  mult ipl icat ive way. If the par t ia l  
wave amplitude has a fixed mult ipl icat ive pole at, e.g.,  j = 0, 
aj ~ (j[j- a(t)]) -1, then the zero  is removed.  (The in teres t ing  theore t ica l  
exerc i se  of studying sca t te r ing  of bound two-body sys t ems  on each other  in 
o r d e r  to de te rmine  j -p lane  behaviour in Schroedinger  theory,  has not, to 
our  knowledge, been done.) There  is ,  thus, another  Regge pole model which 
we call "choosing s impl ic i ty" ,  [32] which is mos t  conveniently expressed  by 
explicitly represen t ing  the poles in t instead of (24), e.g.,  by 

p=E cr 
r t - m 2" (25) 

r 

With this fo rm,  no f ac to r s  a re  r equ i red  to compensa te  for  unwanted poles.  
This  model has no z e r o s  at t I and is r ep r e sen t ed  under  the column S in ta-  
ble 2. 

To s u m m a r i z e ,  we have the full s -channel  helicity ampli tudes for  Reggeon 
exchange [40] (leading t e rm at la rge  s). 

Conventional [31]: 

Mp , .,½(n+x) ,., gnl(t)gn2(t) - ~ r ( j  1 - a) ~(s___)a(t) (26) 
= ~-r~ c n l ~  Cn2(t) sin ~a e 

S o /  

Simplicity : 

M P 1- + - - ' i  " - = (_t)2(n X)gnl(t)gn2(t)P(t)e 2 7r(31 ~-~o / , (27) 

where the gn are factorized residue functions which do not have zeros, ~ is 
a signature coefficient, e.g., sin ½~a for odd spins, and Jl is the spin of the 
lowest mass particle on the trajectory. With cn1(t) cn~(t ) we explicitly repre- 
sent the t-dependent factors shown in table 2. Sii'nilar-factors may arise for 

= -1, -2... In (27) Pis the propagator factor (25) having a pole at every 
particle on the trajectory with residues of alternating sign. For example 

r i . P~ (t rn2) -1 P = (~(31 - a(t)) or - where rn is the mass of the lowest-mass 
particle on the trajectory. Thus in (27) MP(t) has no zeros for -t > 0 if the 
g have no zeros. The equivalent amplitude for fermions can be found in 
Kelly et al. [29]. 
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3.4. Form of the helicity amplitudes 
We now add absorption effects to the Regge pole input d iscussed  above. 

F o r n  1 = n  2 = 0 = n  = x w e h a v e  

M(t) = ~ (2l+ 1) aF seff Pl(COS 0). 
l 

F o r  the g e n e r a l  c a se  we have 

• P eff " M(t) = ~ (2j + 1) aj S~ d~lh2(Z). (28) 
J 

Note that  S i s  a s s u m e d  to be he l i c i ty  c o n s e r v i n g  a t  each  v e r t e x  so that  the 
he l i c i ty  l a b e l s  on M a r e  the s a m e  as  those  on M -p. H e r e  h 1 = k a - k b ,  
h 2 = k c - k d. The i m p a c t  p a r a m e t e r  v e r s i o n  of (28) i s  

M = 2q 2 f b db A P (b) seff(b) Jn(b~t). (29) 

If the s i m p l e  pole  (27) with no z e r o s  for  - t  > 0 is  adopted and the n u m e r i -  
cal  i n t e g r a t i o n  (28) c a r r i e d  out ,  with r e a s o n a b l e  p a r a m e t e r s ,  we ob ta in  the 
s k e t c h e s  shown in  f igs .  5a, b ,  c, d. We c o n s i d e r  in  these  four  d r a w i n g s  the 

n = r = O  
L 

\ ~ C  

\p 

(a) 
- t  - t  

n=1 
f-, P 

I . -" . . .  ~, ;/ "(,, 

n=Z 

s • 

// ...... , 
~ . " /  ',', 

(c) - t  

~ 0 3C=2 

;>i 
; - ..,.~. 

" /"M 
%, . . -  

(d) -t 
Fig. 5. Magnitudes of input Regge-pole amplitude (P, dashed curve), absorption 
correction (Regge-cut C, solid curve), and their sum (M, dotted curve) for various 
values of (n,x): (a), (0,0); (b), (1,0); (c), (2,0); (d), (0,2). The interference is 
p r imar i ly  destructive leading to dips. The approximate positions of the dips (in 

(GeV/c) 2) is shown for the two most important cases.  
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Table 3 
Posi t ion of ze ros  in hel ic i ty  a_mplitudes in the approximation 

Mn(t ) oc jn(bo~/_t) with b o = 1 fm. 

Zero ~ 0 1 2 

F i r s t  0.23 0.59 1.06 

Second 1.22 1.97 2.83 

Third 3.00 4.14 5.40 

Values of - t  in GeV 2 a re  shown. 

s a m e  h e l i c i t y  a m p l i t u d e s  a s  a b o v e  in t a b l e  2: ( n l , n 2 )  = (0 ,0 ) ,  (0, 1) and  (1, 1), 
n = 0 and 2. The  r e s u l t s  f o r  x = 0 ( e . g . ,  e x c l u d i n g  the  (1, 1) n = 0 e x a m p l e )  
can  be  s u m m a r i z e d  a n a l y t i c a l l y  by a p p r o x i m a t i n g  (28): If bAP(b)se f f (b )  i s  
s h a r p l y  p e a k e d  a t  b o a s  a p p r o x i m a t e d  by  c u r v e  2, f ig.  2d,  we can a p p r o x i -  
m a t e l y  r e p l a c e  i t  w i th  a d e l t a  func t ion  and  o b t a i n  

M(t) ~ c o n s t  x Jn(bo~f:-[) f o r  ~ < ---~ (30) Ab ' 

w h e r e ,  a g a i n ,  n = I h l  - h 2 [ = ]n l  - n21 and a b  i s  the  wid th  of the  peak .  If 
b o = 1 fro,  the  z e r o s  of  e a c h  h e l i c i t y  a m p l i t u d e  would  o c c u r  in t h i s  a p p r o x i -  
m a t i o n  a t  the  v a l u e s  of  t shown in t a b l e  3. I t  i s  s e e n  tha t  the  f i r s t  z e r o  f o r  
n = 0 and  1 a g r e e  w e l l  w i th  e x p e r i m e n t .  The  o t h e r s  a r e  no t  y e t  o b s e r v e d .  
U n f o r t u n a t e l y  ( the t h e o r y  p r e d i c t s  that )  z e r o s  a t  l a r g e r  t a r e  l e s s  w e l l  d e -  
f i ned  ( f a r t h e r  f r o m  the  r e a l  t a x i s )  b e c a u s e  A b ¢  0 and the  r e l a t i v e  p h a s e  of 
p o l e  and  cut  a r e  g r o w i n g  a w a y  f r o m  ~ a s  - t  g e t s  l a r g e r ,  so  they  m a y  be  
h a r d  to o b s e r v e .  We no te  t ha t  the  d i f f e r e n c e  b e t w e e n  (21) and (29) f o r  
n, x = 0, 0 i s  due  to the  d i f f e r e n c e  b e t w e e n  a u n i f o r m  a m p l i t u d e  fo r  b < b o 
and an a m p l i t u d e  c o n c e n t r a t e d  a t  b o. The  v a l u e s  of bo, a p p r o p r i a t e  to  the  
two c a s e s  a s  shown in f i g s .  2 and  3, a r e  e s s e n t i a l l y  the  s a m e ,  b o ~ 1.05 fro. 

The  i m p o r t a n t  r e s u l t  of  a b s o r p t i v e  cu t s  w i th  " s i m p l e "  R e g g e  p o l e  inpu t  
i s  t ha t  every  s -channel  hel ici ty  amplitude,  with x = O, has a zero  (or  ser ies  
of  zeros)  which move to la rger - t  with the p a r a m e t e r  n, the net hel iei ty  f l ip .  
If the  cu t ,  o r  the  a b s o r p t i o n ,  i s  m a d e  r o u g h l y  t w i c e  a s  s t r o n g  a s  i n d i c a t e d  
by  e l a s t i c  a b s o r p t i o n  the  n e a r e s t  z e r o s  a r e  r o u g h l y  a t  - t  ~ 0.2,  0.6,  1.2 f o r  
n = 0, 1, 2 r e s p e c t i v e l y  in  a c c o r d a n c e  wi th  b o ~ 1 fm in (30). We t i t l e  the  
m o d e l  wi th  s i m p l e  R e g g e  p o l e  and s t r o n g  a b s o r p t i o n  cut ,  a d j u s t e d  to o b t a i n  
z e r o s  a t  r o u g h l y  t h e s e  t, the  s t r o n g - c u t  R e g g e i z e d  a b s o r p t i o n  m o d e l ,  o r  
SCRAM. Thus the p a r a m e t e r s  of  the absorption prescr ip t ion  are to be con-  
s trained to y ie ld  zero  s t ruc ture  roughly as g iven  by (30). 

We e x p e c t  v a r i a t i o n  in the  p o s i t i o n  of z e r o s  wi th  the  r a n g e  of f o r c e s  and 
the  r a n g e  of  a b s o r p t i o n .  C o n s i d e r  eq. (30) and b o ~ ½(rR+ r V) w h e r e  r R and 
r V a r e  r a d i i  f o r  R e g g e o n  e x c h a n g e  and d i f f r a c t i o n ,  r e s p e c t i v e l y .  F o r  m e s o n -  
b a r y o n  s c a t t e r i n g  w i th  v e c t o r  m e s o n  e x c h a n g e  r V ~ r R ~ 1 fm.  In b a r y o n -  
b a r y o n  s c a t t e r i n g ,  a ~ 10 GeV -2 ,  abou t  ~ l a r g e r  than  f o r  ~N s c a t t e r i n g .  
S ince  a c c  r~72, t h i s  i m p l i e s  r o u g h l y  a 1 5 ~  d e c r e a s e  in - t l ,  the  p o s i t i o n  of  a 
z e r o  f o r  any  n, V a r i a t i o n s  in the  R e g g e - p o l e  a m p l i t u d e  m a y  be  e x p e c t e d  f o r  
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Table 4 
Position and order  of zeros  in pole and pole plus cut amplitudes 

for -t  ~< I GeV 2 for the three inputs of table 2. 

Helicit ies 

L nl l  In21 n x 

Position and order  of zeros  in - t  in GeV 2 

SCRAM pole only elast ic absorption 
N V N V 

0 0 0 0 0.2 none 0.6 0.55 0.35 

1 0 1 0 0.6 0.6 0.6 0.5 0.5 

1 1 2 0 1.2 (0.6) 2 0.6 (0.6) 2 0.6 

1 1 0 2 (0.1) 2 * 0, (0.6) 2 0, 0.6 0.02, 0.4, 0.9 0.03, 0.5 

A strong-cut  is added to the simple pole (SCRAM). Elast ic absorptive cuts are added 
to N- and V-poles.  We consider a meson-baryon reaction with vector  meson exchange 
with a(-0.6) = 0. The notation (0.6) 2 re fe r s  to two nearby zeros  or a double zero.  
Other pa ramete rs  used in the numerical  work are M P = exp (4t) and T el = 0.67 exp 
(3.75t). 

* Zeros may be distant from real  axis. 

d i f f e r e n t  k inds  of  s - c h a n n e l  p a r t i c l e s  and e x c h a n g e d  t r a j e c t o r i e s .  F o r  any 
exchange  of  a n we m i g h t  e x p e c t  p e r h a p s  50% v a r i a t i o n s  in r 2 c o r -  but  the 

r e s p o n d i n g  to 2 5 ~  v a r i a t i o n s  in t 1. In  o t h e r  w o r d s  we  m i g h t  l o c a t e  the 
( n , x )  = (0, 0) z e r o  a t  0.2 ± 0.05 (GeV) 2 and the ( n , x )  = (1 ,0)  z e r o  a t  
0.6 + 0.15 (GeV/c )  2. 

The  conven t i ona l  R e g g e - p o l e  m o d e l ,  N, has  z e r o s  that  f a c t o r  a c c o r d i n g  
to n 1 and n2,  the he l i c i t y  f l ip  a t  e a c h  v e r t e x ,  so t h e i r  p r e s e n c e  and p o s i t i o n  
i s  not  d i c t a t e d  by n. Adding a b s o r p t i v e  cuts  to t h e s e  po le  a m p l i t u d e s  wi l l  
m o v e  the f i r s t  z e r o  in the po le  a m p l i t u d e  to s m a l l e r  - t  o r  i n t r o d u c e  a z e r o ,  
a s  in the s i m p l i c i t y  c a s e ,  w h e r e  t h e r e  i s  no z e r o  in the po le  am p l i t ude .  

In t ab le  4 we s u m m a r i z e  n u m e r i c a l  r e s u l t s  fo r  p o s i t i o n s  of z e r o s  f o r  the 
v a r i o u s  m o d e l s  d i s c u s s e d  above .  In the c o n v e n t i o n a l  m o d e l s  one  can c l a i m  
to have  the c h o i c e  be tween  the z e r o  s t r u c t u r e  exh ib i t ed  as "pole  on ly"  o r ,  
as  in the f ina l  c o l u m n s ,  wi th  e l a s t i c  cu t s ,  o r  wi th  s t r o n g - c u t s .  F r o m  tab le  4 
the p a t t e r n s  of z e r o s  in t h e s e  c a s e s  a r e  c l e a r  * 

Z e r o s  which  a r i s e  f r o m  a b s o r p t i o n  e f f e c t s  depend  on the s - c h a n n e l  h e l l -  
c i ty  i n d i c e s  (n ,x) .  T h i s  r e s u l t ,  e . g . ,  d e p e n d e n c e  on n in eq. (30), i s  i n d e p e n -  
den t  of the d e t a i l e d  way in wh ich  one  c a l c u l a t e s  an a b s o r p t i o n  c o r r e c t i o n .  
On the o t h e r  hand z e r o s  wh ich  a r i s e  f r o m  the u n d e r l y i n g  e x c h a n g e  m e c h a -  
n i s m  f a c t o r  in the t - c h a n n e l .  T h e s e  z e r o s  depend  on h e l i c i t y  c h a n g e s  n 1 and 
n 2 a t  the two v e r t i c e s  s e p a r a t e l y .  B r o a d l y  s p e a k i n g  o u r  t a s k  i s  now to d e -  

* We have taken vector  meson exchange as an example. If a s imi la r  table were  p r e -  
pared for another exchange, the resul ts  would be the same for SCRAM. The only 
exception is pi0n exchange, with its pole very close to the scat ter ing region, which 
would be different. In par t icular  for n = 0 lr exchange the f i r s t  zero in SCRAM is 
roughly at - t  = 0.1 and the f i r s t  zero for n = 1 is near  - t  = 0.4. For  conventional 
Regge poles, the entr ies  depend cr i t ica l ly  on the nature of the exchanged Reggeon. 
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t e r m i n e  whe ther  th is  f a c t o r i z a t i o n  i s  o b s e r v e d  e x p e r i m e n t a l l y ,  o r  whether  
in s t ead  the dependence  on n i s  c o r r e c t .  

3.5. Comparison with experiment 
In t ab le  5 we show the va r i ous  combina t ions  of h e l i c i t i e s  which can occu r  

in the r e a c t i o n s  ( forward)  

PS+ B-~ PS+ B, 

-~ PS + B*, 

M+B, 

-~ M+B*, 

and backward  

B+B -~ B+B, 

B + B*, (31) 

where  

PS+ B-~ B+ PS, 

-~ B + M, (32) 

PS = p s e u d o s c a l a r ,  

M = vec to r  o r  t e n s o r  meson ,  

B = spin ½ ba ryon ,  

B* = spin ~ baryon.  

Reac t ions  B + B -~ B* + B* should a l so  be cons ide red .  
The qua l i t a t ive  s t r u c t u r e  of the he l ic i ty  ampl i t udes  at  s m a l l  momentum 

t r a n s f e r ,  p a r t i c u l a r l y  with r e s p e c t  to z e r o s ,  i s  evident  f rom the e x a m p l e s  
given in the p r e c e d i n g  sec t ion ,  table  4, and fig. 5 for  t h r ee  d i f fe ren t  pole  
and cut mode l s .  Note that  the p a r i t y  a r g u m e n t  made  to def ine x for  f o r w a r d  
r e a c t i o n s  i s  quite compl i ca t ed  for  ba ryon  exchange.  Af te r  the a r g u m e n t s  
a r e  made  the ef fec t ive  value  of x i s  ze ro  for  In l l  = In2] , = ~, as  shown in 
t ab le  5 with a s t e r i s k s  t .  

One type of c o m p a r i s o n  of theory  with e x p e r i m e n t  i s  a full  quant i ta t ive  
f i t  of a given model  to many e x p e r i m e n t s .  We a r e  making  such a c o m p a r i -  
son of SCRAM with e x p e r i m e n t  in o the r  a r t i c l e s  [1 ,29,  30]. This  e f for t  i n -  
vo lves  f ine ad ju s tmen t  of many e l e m e n t s  of the mode l :  coupl ing s t r e ng t h s ,  
pole  shapes ,  the fo rm for  S e r  f in ca l cu la t ing  the cuts .  Although mos t  p a r a m .  
e t e r s  in such a theory  a r e  a p p r o x i m a t e l y  known, the t ask  of making an a c -  
cu ra t e  c o m p a r i s o n  i s  f o r m i d a b l e  b e c a u s e  the number  of p a r a m e t e r s  i s  ve ry  
l a r g e .  The p a r a m e t e r s  o c c u r  in groups  r e q u i r i n g  s imul t aneous  c om pa r i s on  
with ~ 6 r e a c t i o n s  in o r d e r  that  the number  of p a r a m e t e r s  p e r  r eac t ion  be 

J" Footnote see next page. 
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Table  5 
(a) Example s  of d i f fe ren t  va lues  of (n,x) fo r  the s a m e  (n l ,n2) .  

Inl  [ In2] n x React ion  

½l ½! 0 nJ:O:~ I P S + B  ~ B + P S  
1 ~ -  P S + B  ~ B + M  2 2 

1 1 0 2 

1 1 2 0 

1 

1 

(b) 
1 
2 

0 

1 

0 

1 

0 

P S + B - ' M + B  

P S + B - *  M + B *  

B + B  -~ B + B  

B + B  -~ B + B *  

2 1 2 ~ PS + B - "  M + B *  

2 3 0 I B + B - *  B + B *  

Examples  of d i f ferent  va lues  of ( n l , n  2) fo r  the s a m e  (n,x). 

! 0 0 ~ see  above 2 

0 0 0 all  fo rward  reac t ions  

1 1 0 :~ see  above 

1 1 0 all fo rward  reac t ions  

1 2 0 see  above 
J 

2 2 0 ~ B + B - ~ P S  + B *  

+ B - * M + B *  

+ B - *  B + B *  

:~ See text  fo r  de te rmina t ion  of x fo r  backward  reac t ions .  

The s imple  par t i ty  a rgument  and the resu l t ing  defini t ion of x that we have given 
applies  only in the case  in which the T e l l e r  number  M equals  ze ro .  In SCRAM, 
h igher  M - v a l u e s  fo r  fo rward  reac t ions  a r e  r e j ec t ed  as u n n e c e s s a r y  compl ica t ions ,  
and t h e r e f o r e  the ex i s tence  of consp i r ing  t r a j e c t o r i e s  fo r  M >I 1 is r ega rded  as a 
highly unl ikely co inc idence .  

F o r  backward meson -ba ryon  r eac t i ons ,  the T o l l e r  number  is a h a l f - i n t e g e r  as a 
consequence  of MacDowell  s y m m e t r y .  Thus the s m a l l e s t  M and s i m p l e s t  ca se  is 
M = ½. F o r  genera l  M,  

x + n =  ]n~l + In~ [ ,  

where  

':1 I-M n I n I , 

If this  f o rmu la  g ives  x < O, a cance l la t ion  between the two ampl i tudes  of opposi te  
pa r i ty  takes  p lace ,  and the e f fec t ive  value  of x, a f t e r  these  cance l l a t ions ,  is  
Xeff = O. In table  5 we use  the e f fec t ive  x - v a l u e s  fo r  backward  reac t ions  (taking 
M = ½). 
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abou t  4. A d i f f e r e n t  t y p e  of  c o m p a r i s o n  of  a m o d e l  wi th  e x p e r i m e n t  wh ich  
h a s  been  t r i e d  by  o t h e r s  i n v o l v e s  v a r i a t i o n  of  on ly  a few p a r a m e t e r s ,  wi th  
m a n y  o t h e r s  d e t e r m i n e d  by a s s u m p t i o n  ( e . g . ,  v i a  s y m m e t r y  m o d e l s  [41-44] ,  
o r  v i a  low e n e r g y  e x p e r i m e n t s  [45]). D e p e n d i n g  on the  d e t a i l e d  w o r k  done ,  
s u c h  c o m p a r i s o n s  can  be  m a d e  w i th  i n d i v i d u a l  e x p e r i m e n t s .  They  a r e  m o r e  
o r  l e s s  q u a n t i t a t i v e .  In the  p r e s e n t  p a p e r  we  do not  p r o p o s e  any d e t a i l e d  f i t  
to d a t a ;  r a t h e r  we c o m p a r e  t h e o r y  wi th  d i s t i n c t i v e  q u a l i t a t i v e  f e a t u r e s  tha t  
a r e  e v i d e n t  in a few of  the  e x p e r i m e n t s .  

The  m o s t  i n t e r e s t i n g  e x p e r i m e n t s  can  be  c o n v e n i e n t l y  g r o u p e d  a c c o r d i n g  
to e v i d e n c e  they  b r i n g  to b e a r  on (1) p o s s i b l e  z e r o s  n e a r  -u  o r  - t  ~ 0.2,  
(2) p o s s i b l e  z e r o s  n e a r  - t  = 0 .6 ,  and  (3) the  s t r u c t u r e  n e a r  t ~ 0 f o r  n - e x -  
change .  A l l  t h e s e  t e s t s  a r e  f o r  n -< 1. A l though  t h e r e  a r e  d i s t i n c t i v e  f e a t u r e s  
in v a r i o u s  t h e o r i e s  fo r  n > 1, i t  a p p e a r s  d i f f i c u l t  e x p e r i m e n t a l l y  to o b t a i n  
d i r e c t  i n f o r m a t i o n  on n > 1 a m p l i t u d e s ,  s i m p l y  b e c a u s e  p r o c e s s e s  hav ing  
n > 1 a m p l i t u d e s  a l s o  have  m a n y  n -< 1 a m p l i t u d e s .  

Structure at -t, -u ~ 0.2 
Theory: Of a l l  R e g g e - p o l e  i n p u t s ,  on ly  the  c o n v e n t i o n a l  nuc l eon  e x c h a n g e  

has  a n o n s e n s e - w r o n g  s i g n a t u r e  z e r o  in the  r e g i o n  of i n t e r e s t  (u ~ -0 .15) .  
Th i s  z e r o  o c c u r s  in a l l  h e l i c i t y  a m p l i t u d e s .  O t h e r  z e r o s  can  o c c u r  in c o n -  
v e n t i o n a l  m o d e l s  t h r o u g h  a c c i d e n t a l  v a n i s h i n g  of  the  r e s i d u e  func t ion .  In 
SCRAM z e r o s  n e a r  - t  o r  - u  = 0.2 can on ly  a r i s e  f r o m  c u t - p o l e  i n t e r f e r e n c e  
f o r  (n, x) = (0, 0). As  s t a t e d  a b o v e ,  f o r  (n, x) = (0, 0) the  e l a s t i c  a b s o r p t i o n  
m o d e l  w i thou t  an inpu t  z e r o  ( m o d e l  N) w i l l  y i e l d  a z e r o  a t  r o u g h l y  t o r  
u = -0 .5 .  The  e x a c t  p o s i t i o n  d e p e n d s  on p o l e  a m p l i t u d e  s h a p e  and the  a s -  
s u m e d  e l a s t i c  a m p l i t u d e .  H o w e v e r ,  to o b t a i n  a z e r o  a t  t o r  u ~ -0 .15  to 
-0 .2  the  cut  m u s t  be  50% to 100% s t r o n g e r  a t  t h e s e  s m a l l  m o m e n t u m  t r a n s -  
f e r s .  In m o d e l  V wi th  an inpu t  z e r o  a t  - t  = 0.6,  f o r  (n, x) = (0, 0), e l a s t i c  
a b s o r p t i o n  p l a c e s  the  z e r o  a t  abou t  - t  = 0.35 f o r  m e s o n - b a r y o n  s c a t t e r i n g  
and a t  abou t  0.30 f o r  b a r y o n - b a r y o n  s c a t t e r i n g  [46 ,47] .  

Experiment: E l a s t i c  d i f f e r e n t i a l  c r o s s o v e r s  g ive  the  b e s t  e v i d e n c e  on an 
( n , x )  = (0, 0) z e r o  [48]. The  d i f f e r e n c e  b e t w e e n  d i f f e r e n t i a l  c r o s s  s e c t i o n s  
wi th  one  p a r t i c l e  c h a r g e - c o n j u g a t e d  i s  e q u a l  to the  i n t e r f e r e n c e  of  a p a r -  
t i c l e  e x c h a n g e  a m p l i t u d e  wi th  the  v a c u u m  e x c h a n g e  a m p l i t u d e ,  A V. The  l a t -  
t e r  i s  a s s u m e d  to be  e s s e n t i a l l y  i m a g i n a r y  and h e l i c i t y  n o n - f l i p  a t  s m a l l  
m o m e n t u m  t r a n s f e r s .  

d e  - dc r ,  + -~ . P  .V* 
A T r - ~ ( ~ r  p - . r r - p ) - ~ - U r  p 7r+p) = 2 R e  ATrNATrN 

X's 

2[ImAPN(n,x:O,O)]IATrV I , (33) 

do" do'_ + p ¢o V* 
AK - ~ -  ( K - p - , K - p ) - ~ - ( K  p---,K+p) = 2 R e  ~ [AKN+AKN]AKN 

A.'s 

2Im[A~qN+ A~Nln, x=O,o]AVNI , (34) 
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da d(~ A N ~/  ( ~ p - ~ p )  ~ ( p p ~ p p )  2 R e  ~ co P* - _ = A N N A N N  
X'S 

¢o 
2 [ I m A N N ( n , x  =0,  0)] IA~N] . (35) 

A c c o r d i n g  to a l l  the m o d e l s  we a r e  c o n s i d e r i n g ,  the pha se  of the Reggeon 
1 exchange  a m p l i t u d e  for  s m a l l  - t  i s  ~T(1 - a ) m o d T r  with a for  the p and ¢0 

i roughly  0.3 n e a r  t = -0 .2 ,  so the phase  i s  not  ~n. In a l l  these  m o d e l s ,  the 
v a n i s h i n g  of the c r o s s  s ec t i on  d i f f e r e n c e s  (33)-(35) r e q u i r e s  tha t  the m a g -  
n i tude  of APN , P w 0~ [AKN+AKN],  and ANN van ish .  The b e s t  ev idence  on the v a l -  
ues  of t at  which  these  c r o s s  s e c t i o n s  a r e  equal  i s ,  in ou r  j u d g e m e n t ,  

A~ = 0  a t - t  = 0 . 2 ,  

A K = 0  a t - t =  0 . 1 t o 0 . 2 ,  

A N = 0  a t - t  = 0 . 2 .  

If t hese  z e r o s  a r e  not  to be exp la ined  in t e r m s  of s t r o n g - c u t s ,  the r e s i d u e s  
m u s t  a c c i d e n t a l l y  van i sh .  (In case  V, t h e r e  would then be an e x t r a  ze ro  a t  
0.6 for  which  t h e r e  i s  no ev idence . )  Th i s  a s s u m p t i o n  l e a d s ,  v ia  f a c t o r i z a t i o n ,  
to u n s a t i s f a c t o r y  p r e d i c t i o n s  tha t  o t h e r  a m p l i t u d e s  wi th  n 1 o r  n 2 = 0 v a n i s h  
[49]. Thus  we conc lude  these  z e r o s  m u s t  be due to i n t e r f e r e n c e  of the pole  
wi th  a s t r o n g - c u t .  

The o the r  de f in i t i ve  e x p e r i m e n t a l  ev idence  for  a ze ro  n e a r  - t ,  -u  ~ 0.2 
is  the dip in  ~+p -* pu+ at  u ~ -0 .15  ( refs .  [50, 51]) shape  of the d i f f e r e n t i a l  
c r o s s  s ec t i on  for  0 -* 180 ° shows that  the n = 1 he l i c i ty  a m p l i t u d e ,  which  
c o n t a i n s  a f ac to r  ~f(u o - u )  o r  s in  O is  v e r y  s m a l l  c o m p a r e d  to the n = 0 a m -  
p l i tude .  Thus  e i t h e r  in  SCRAM in ,x )  = (0, 0) d o m i n a t e s  and t h e r e  is  a d i f -  
f r a c t i o n  ze ro  n e a r  u ~ -0 .2 ,  o r  in  the c o n v e n t i o n a l  Regge m o d e l s  aN=-½ so 
that  t he r e  i s  a n o n s e n s e  w r o n g - s i g n a t u r e  ze ro  n e a r  th is  point .  Both a g r e e  
wi th  e x p e r i m e n t .  

A v e r y  s i m i l a r  s i t ua t i on  e x i s t s  for  K-n  ~ A u -  (ref.  [52]). A deep  dip i s  
o b s e r v e d  n e a r  -u  ~ 0.25 and the shape  of the d i f f e r e n t i a l  c r o s s  s ec t ion  for  
0 -~ 180 ° shows that  n = 0 d o m i n a t e s .  ( C o n s i s t e n t  wi th  n = 0 d o m i n a n c e  in 
~+p -~ pu+.) Because  of the d e u t e r o n  t a r g e t  u (180 °)  v a r i e s  a l i t t l e  f r o m  even t  
to event .  One m u s t  avoid the t r a p  of looking  for  the 0 ~ 180 ° b e h a v i o u r  in the 
u - p l o t  *. The 0, r a t h e r  than the u - b e h a v i o u r  m u s t  be  e x a m i n e d  d i r e c t l y .  We 
a l so  note  tha t  the o b s e r v e d  p o l a r i z a t i o n  i s  c o n s i s t e n t  wi th  an o r d e r  of m a g n i -  
tude d i f f e r e n c e  be tween  the c o n t r i b u t i o n  of n = 0 and 1 to the c r o s s  sec t ion .  

* Drago et al. (RHEL preprint ,  revised) assume incorrect ly that the K-n -~ Ay- data 
provide evidence for spin-flip dominance. On the contrary,  the data actually pro-  
vide evidence for spin non-flip dominance (Kwan Lai, private communication), con- 
sistent  with other considerations (see subsect. 3.6 prediction 6, below). 

Drago et al. claim that SCRAM could have the flexibility to yield a zero at 
-u ~ 0.2 in the spin-flip amplitude. On the contrary,  we have explicitly defined 
SCRAM in this paper to avoid such manipulations. The example of Drago et al. ex- 
ceeds reasonable constraints  on the parameters .  
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The  shape  of da/d~2 n e a r  180 ° i s  a m u c h  m o r e  s e n s i t i v e  t e s t  of n = 0 d o m i -  
nance .  

The  ques t i on  about  o the r  b a c k w a r d  r e a c t i o n s  can then be a s k e d :  Do o t h e r  
n u c l e o n  and A - e x c h a n g e  a m p l i t u d e s  v a n i s h  n e a r  th is  s a m e  poin t?  The c o n -  
v e n t i o n a l  Regge  m o d e l s  p r e d i c t  tha t  both  n = 0 and 1 nuc l e on  exchange  a m -  
p l i t udes  v a n i s h  and that  n e i t h e r  A - e x c h a n g e  a m p l i t u d e  v a n i s h e s .  SCRAM 
p r e d i c t s  tha t  both N and  A n = 0 a m p l i t u d e s  v a n i s h ,  bu t  tha t  n e i t h e r  N no r  
A n = 1 a m p l i t u d e  v a n i s h e s  n e a r  u = -0 .15 .  The  m o s t  de f in i t i ve  e x p e r i m e n t a l  
t e s t  so f a r  c o n c e r n s  the p o s s i b l e  ze ro  for  n = 1 with nuc l eon  exchange ,  i . e . ,  
does  the ful l  nuc l eon  exchange  ( c r o s s  s ec t ion )  v a n i s h  o r  does  only  the n = 0 
p a r t  of i t  v a n i s h ?  If a l l  he l i c i ty  a m p l i t u d e s  for  nuc l e on  exchange  v a n i s h  a t  
a = -½ then any r e a c t i o n  d o m i n a t e d  by nuc l eo n  exchange  m u s t  show a dip a t  
u ~ -0.15.  One can m a k e  a s e r i e s  of a r g u m e n t s  ba se d  on f a c t o r i z a t i o n  for  
the Regge po le s  which ,  if they a r e  a l l  a ccep t e d ,  show that  th is  p r e d i c t i o n  
d i s a g r e e s  wi th  c u r r e n t  da ta  on o the r  b a c k w a r d  r e a c t i o n s  (Kel ly et  a l . ,  [29]). 

The  only  o t h e r  r e a c t i o n  w h e r e  a s e r i o u s  c l a i m  has been  m a d e  that  a ze ro  
has  been  s e p a r a t e l y  o b s e r v e d  n e a r  - t  = 0.2 is  n p -~ ~?n. H e r e  o b s e r v a t i o n  of 
a ze ro  a t  t ~ -0.2 i s  c l a i m e d  for  (n,x)  = (0 ,0)  u s i n g  f in i t e  e n e r g y  sum r u l e s  
[53], a s  expec ted  in SCRAM, but  not  in c o n v e n t i o n a l  mode l s .  

Conclusion: T h e r e  is  a m p l e  e v i d e n c e  that  (n,x)  = (0, 0) a m p l i t u d e s  have a 
ze ro  n e a r  0.2 which  can  be  r e a s o n a b l y  exp la ined  only  by c u t - p o l e  i n t e r f e r -  
ence .  S t r o n g - c u t s  a r e  needed  to put  th is  ze ro  a t  the s m a l l  m o m e n t u m  t r a n s -  
f e r  w h e r e  i t  i s  o b s e r v e d .  Th i s  i s  c o n s i s t e n t  wi th  ev idence  that  the n = 1 n u -  
c leon  exchange  a m p l i t u d e  does  not  v a n i s h  at  a = -½, i . e . ,  i t  does  not  have the 
n o n s e n s e  w r o n g  s i g n a t u r e  ze ro .  

Struc ture  at t ~ -0 .6  
Theory:  C o n v e n t i o n a l  m o d e l s  a t t r i b u t e  z e r o s  at  t ~ -0 .6  of v e c t o r  m e s o n  

exchange  r e a c t i o n s  to a(t) = 0 for  the v e c t o r  m e s o n  t r a  i e c t o r y  [54]. As t a -  
b le  2 shows ,  in  mode l  N the ze ro  i s  of the type a l n l l a  ~n21 ( n o n s e n s e  w r o n g -  
s i g n a t u r e  ze ro ) ,  whi le  fo r  mode l  V t h e r e  i s  a s i m p l e  ze ro  a t  a = 0 in a l l  
he l i c i ty  a m p l i t u d e s .  On the o the r  hand,  SCRAM p r e d i c t s  a ze ro  a t  - t  ~ 0.6 
for  in ,x)  = (1 ,0)  r e g a r d l e s s  of the type of exchange  and not  for  any o t he r  
(n ,x)  va lue s .  Al though t e n s o r  m e s o n  exchange  p r o v i d e s  d i s t i n c t i v e  p r e d i c -  
t-tons, a t  p r e s e n t  we canno t  s u g g e s t  any r e a c t i o n  w h e r e  these  p r e d i c t i o n s  
can be t e s t ed ,  so we c o n c e n t r a t e  in the fo l lowing  on v e c t o r  m e s o n  exchange .  

We need  to s eek  out  d i f f e r e n t i a l  c r o s s  s e c t i o n s  d o m i n a t e d  by e i t h e r  p -  o r  
co-exchange.  F r o m  the v e c t o r  d o m i n a n c e  a n a l y s e s  of the n u c l e o n  f o r m  f a c -  
t o r s ,  the p and co a r e  d o m i n a n t l y  coupled  wi th  ]rZll = 1, 0, r e s p e c t i v e l y ,  a t  a 
b a r y o n  ve r t ex .  The d i f f e r e n t i a l  c r o s s  s e c t i o n s  of i n t e r e s t  a r e  p r e s e n t e d  in 
t ab l e  6 ( re f s .  [55-64])  *. Let  us  c o n s i d e r  each  in  t u rn  to u n d e r s t a n d  the 
c l a i m s  of p/co d o m i n a n c e  and d o m i n a n c e  of c e r t a i n  he l i c i ty  a m p l i t u d e s  u s i n g  
the no ta t ion  n l , n  2 fo r  m e s o n  and b a r y o n  v e r t i c e s  r e s p e c t i v e l y .  N e u t r a l  
pho top roduc t ion  should  be d o m i n a t e d  by co b e c a u s e  the ~,p coup l ing  (vec to r  
d o m i n a n c e )  and wNN v e r t e x  a r e  s t r o n g e r  than  c o r r e s p o n d i n g  coup l ings  with 
p - e x c h a n g e .  Thus  we have  In l ]  = 1 and n 2 = 0 at  m e s o n  and  b a r y o n  v e r t i c e s ,  

* A s imi la r  table has been independently prepared by Harari  [55]. 
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Table 6 
Zero near  t ~ -0.6 with vector-meson exchange. 

Dominant Dip 
predicted Dip Dip 

Dominant helicity conventional predicted 
Reaction exchange models SCRAM observed 

]n1[ In2] n=l? ( N o r V )  

)'P -~ yOp CO 1 0 yes yes yes yes 

~'-P -~ Y°n ~ P 0 1 yes yes yes yes 
~+p --~ yoA++ 

y P ---, WA++ P 1 1 no yes no no ? 

yp -~ ~p p 1 1 no yes no no 

(yp -~+n) - (yn~ Y-p) P 1 1 no yes no no 

(np-~ pn) - (pp---* nil} p 1 1 no yes no ? 

r e s p e c t i v e l y .  P i  c h a r g e - e x c h a n g e  s c a t t e r i n g  m u s t  be  p - e x c h a n g e  and so has  
In21 = 1. The p roduc t i on  of w should  be d o m i n a t e d  by p - e x c h a n g e  at  high 
enough ene rgy .  The w i s  p roduced  wi th  he l i c i ty  + 1 in  p - e x c h a n g e  so 
( I n l ] ,  In21) = (1, 1). Thus  (n ,x)  = (0, 2) and (2, 0). Pho top roduc t ion  of 7/ 
should  be d o m i n a t e d  by p - e x c h a n g e  r a t h e r  than w - e x c h a n g e  b e c a u s e  g(yPT?) ~ 

g(TwT1) a c c o r d i n g  to v e c t o r  d o m i n a n c e  and SU(3) a r g u m e n t s .  The d o m i n a n t  
p - e x c h a n g e  a m p l i t u d e s  a r e  I n l l  = In21 = 1, thus (n ,x)  = (0 ,2)  and (2, 0). The 
d i f f e r e n t i a l  c r o s s  s ec t ion  d i f f e r e n c e s  a r e  the p r o d u c t s  of the p - e x c h a n g e  
a m p l i t u d e  with the y p lus  A 2 a m p l i t u d e s .  The p - e x c h a n g e  should  aga in  be 
d o m i n a n t l y  I n l l  = In2] = 1. 

In a l l  t hese  c a s e s ,  in the c o n v e n t i o n a l  Regge m o d e l s  t he r e  should  be a 
ze ro  in the d o m i n a n t  a m p l i t u d e  and dip in  the d i f f e r e n t i a l  c r o s s  s e c t i on  at  
a = 0, n e a r  t = -0 .6 .  In SCRAM t h e r e  is  a ze ro  in the f i r s t  t h r e e  r e a c t i o n s  
n e a r  t = -0 .6  b e c a u s e  of n = 1 p o l e - c u t  i n t e r f e r e n c e  and no such  ze ro  in the 
o the r  c a s e s ,  b e c a u s e  n ¢ 1. 

We a l so  note  tha t  mode l  V p r e d i c t s  an (n, x) = (0, 0) ze ro  n e a r  - t  = 0.6. It 
i s  u n o b s e r v e d  at  th is  loca t ion .  Th i s  ca se  was  d i s c u s s e d  above in connec t ion  
wi th  s t r u c t u r e  n e a r  - t  = 0.2. 

Experiment [56-64]:  The ze ro  in  the v e c t o r - m e s o n - e x c h a n g e  a m p l i t u d e  
wi th  he l i c i ty  f l ip at  e i t h e r  o r  both v e r t i c e s  i s  o b s e r v e d  ( i .e . ,  as  a d i f f e r e n -  
t i a l  c r o s s  s ec t ion  dip o r  s h a r p  b reak)  only  in c a s e s  w h e r e  he l i c i ty  f l ip o c -  
c u r s  a t  only one v e r t e x ,  i . e . ,  fo r  n = 1, as  p r e d i c t e d  in SCRAM. A dip o r  
s h a r p  b r e a k  at  - t  ~ 0.5 in the d i f f e r e n t i a l  c r o s s  s e c t i o n  for  yp -~ yOp and a 
c l e a r  dip a t  - t  ~ 0.6 in y -p  ~ yOn a r e  o b s e r v e d  at  high e n e r g i e s  (in a g r e e -  
m e n t  wi th  a l l  mode ls ) .  F o r  w - p r o d u c t i o n ,  d o m i n a n c e  of p is  not  va l id  at  
3.7 GeV/c  w h e r e  the b e s t  da ta  ex i s t s .  No dip in the d i f f e r e n t i a l  c r o s s  s e c -  
t ion is  ev ident .  This  r e a c t i o n  i s  d i s c u s s e d  f u r t h e r ,  below. E v i d e n c e  that  
t h e r e  is  no dip o r  s h a r p  b r e a k  in ~,p -~ ~n and no ze ro  for  d ( r ( p ~  n-n)/dt 

- da(np--, p n ) / d t  i s  f a i r l y  good but ,  p e r h a p s ,  would not  p e r s u a d e  e v e r y o n e .  
The da ta  on 
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Fig.  6. The difference between y and y -  photoproduction c ros s  sect ions ,  which is 
propor t ional  to the p-exchange amplitude.  All ampli tudes have hel ic i ty  flip at l eas t  
at the ~--* ~ ver tex,  and therefore  all conventional models  p red ic t  a zero  near  

- t  = 0.6. SCRAM and the data have no zero.  

da d~ * 
d--/ (Yp ~ ~+n) - -d r  (yn ~ y - p )  = 2 ReAp(Arr+AA2) , (37) 

i s  a t  v e r y  h igh  e n e r g y  (16 G e V / c )  so  tha t  the  a s s u m p t i o n  of  l e a d i n g  t r a j e c -  
t o r y  d o m i n a n c e  i s  r e a s o n a b l e ,  and the  d a t a  i s  good.  The  d a t a  i s  shown in 
f ig .  6. T h i s  i s  v e r y  c l e a r  e v i d e n c e  fo r  the  l a c k  of a n o n s e n s e  w r o n g  s i g n a -  
t u r e  z e r o  in the  p - e x c h a n g e  a m p l i t u d e .  Note  tha t  a b s o r p t i v e  cu t s  c a l c u l a t e d  
w i th  e l a s t i c  i n t e r m e d i a t e  s t a t e  p r e s c r i p t i o n  would  not  r e m o v e  the p r e d i c -  
t ion of  a change  of  s i gn  in (37) i f  the  R e g g e  p o l e  a m p l i t u d e  has  a n o n s e n s e  
w r o n g  s i g n a t u r e  z e r o .  In t h i s  c a s e  the  cut  m u s t  s i m p l y  m o v e  the z e r o  in ,  
b e c a u s e  the  cu t ,  w h i c h  i s  eval t~ated in i n t e g r a t i n g  o v e r  i n t e r m e d i a t e  a n g l e s ,  
m u s t  be  r o u g h l y  out  of p h a s e  wi th  the  p h a s e  of the  p o l e  t e r m  a t  s m a l l  a n g l e s .  

The  r e a c t i o n  

~+p - .  co,x ++ , 

shou ld  be  d o m i n a t e d  by p - e x c h a n g e  a t  h igh  enough  e n e r g y .  F o r  p - e x c h a n g e ,  
d o m i n a n c e  of In21 = 1 ( the b a r y o n  v e r t e x )  and  [ n l l  = 1 (the m e s o n  v e r t e x )  
a r e  e x p e c t e d .  H o w e v e r  a t  the  s o m e w h a t  low e x p e r i m e n t a l  e n e r g y  of 
3.7 G e V / c ,  [ n l [  = In2[ = 1 i s  not  d o m i n a n t  ( t h e r e  m a y  be  l a r g e  c o n t r i b u -  
t i o n s  f r o m  a t channe l  d o u b l e  R e g g e o n  cut ,  o r  e x c h a n g e  of a s i n g l e  R e g g e o n  
on a l o w e r  t r a j e c t o r y  - t h e s e  w i l l  be  m o s t  d i f f i c u l t  to d i s t i n g u i s h ;  o r  i t  
m i g h t  be  m i s - i d e n t i f i c a t i o n  of  A ' s ) .  H o w e v e r  s e l e c t i o n  of In l  ] = 1 u s i n g  the 
d e c a y  a n g u l a r  d i s t r i b u t i o n  of the  ~o shou ld  e n h a n c e  p - d o m i n a n c e .  One can  
e x a m i n e  the  n a t u r a l  p a r i t y  c r o s s  s e c t i o n  

d a  
( P l l  + P l - 1 )  d-~, (38) 

w h e r e  the  i n d i c e s  r e f e r  to the  s - c h a n n e l  c .m .  h e l i c i t i e s .  If the  po le  and cut  
a m p l i t u d e s  of SCRAM a r e  c o m b i n e d  ( e . g . ,  f r o m  f ig .  5c and  d) t h e r e  i s  a z e r o  
in (38) in the  n e i g h b o u r h o o d  of  - t  = 0.6. Such a z e r o  i s  a l s o  p r e d i c t e d  wi th  
c o n v e n t i o n a l  R e g g e o n s  a s  a n o n s e n s e  w r o n g  s i g n a t u r e  po in t .  M e a n w h i l e ,  i f  
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e i t h e r  one  of  the  t e r m s  in (38) i s " t a k e n  s e p a r a t e l y ,  SCRAM p r e d i c t s  no z e r o  
n e a r  t = -0 .6 ,  but  the  z e r o  i s  p r e d i c t e d  in the  o t h e r  m o d e l s ;  the  d a t a  shows  
no z e r o  but  i s  not  c o n c l u s i v e .  H i g h e r  e n e r g y ,  h igh  s t a t i s t i c s  d a t a  i s  needed .  

Conclusion: E x p e r i m e n t s  on z e r o s  a t  t ~ -0 .6  in the  c a s e s  n = 1 and 
[hi[ ¢ 0 wi th  v e c t o r  m e s o n  e x c h a n g e  a r e  s c a r c e .  The  on ly  p o w e r f u l l y  p e r -  

s u a s i v e  m e a s u r e m e n t  i n d i c a t i n g  tha t  s u c h  a z e r o  d o e s  not  o c c u r  i f  Ini[ = 1 
but  n ¢ 1 i s  the  d i f f e r e n c e  b e t w e e n  zr + p h o t o p r o d u c t i o n .  R e g a r d l e s s  of c u t s ,  
t h i s  e x p e r i m e n t  i n d i c a t e s  tha t  the  p - n o n s e n s e  w r o n g - s i g n a t u r e  z e r o  i s  not  
p r e s e n t  in the  p o l e  a m p l i t u d e .  M o s t  o t h e r  e x p e r i m e n t s  a l s o  f a v o r  the  SCRAM 
m o d e l  a g a i n s t  the  R e g g e  po l e  m o d e l s  wi th  n o n s e n s e  w r o n g - s i g n a t u r e  z e r o s ,  
a l t hough  not  so conv inc ing ly .  

Structure at t ~ 0; n-exchange peaks 
Theory: The  p ion  p o l e ,  a t  t = +0.02 GeV 2, i s  s u f f i c i e n t l y  n e a r  to the  

p h y s i c a l  r e g i o n  to be  d e t e c t e d  when n - e x c h a n g e  i s  a l l o w e d  by the  quan tum 
n u m b e r s .  Thus  i t  i s  of  g r e a t  i n t e r e s t  to e x a m i n e  such  c r o s s  s e c t i o n s .  C o m -  
p l i c a t i o n s  f r o m  sp in  a r e  v e r y  i m p o r t a n t ,  so the  s h a p e s  of t h e s e  c r o s s  s e c -  
t.ions v a r y  c o n s i d e r a b l y  even in t h e i r  q u a l i t a t i v e  f e a t u r e s .  

The  c r o s s  s e c t i o n  in a l l  c a s e s  i s  a s u m  of s q u a r e s  of  t e r m s  of  the  f o r m  

2 gg' m~ 
m9 '~ + Co0 f o r  (n, x) = (0, 0 ) ,  

t 

,gg' m 

7r 

fo r  (n ,x )  = ( 1 , 0 ) ,  

- t  ( g g - - ~ '  2 + c20 ) f o r  (n ,x )  = ( 2 , 0 ) ,  
t - m~ 

-tgg' 
- m ~  + c02 f o r  (n,x) = ( 0 , 2 ) .  (36a) 

t 

The  c a r e  s l owly  v a r y i n g  r e l a t i v e  to the  p o l e  te rms . ,  They  a r e  u s u a l l y  of  
c o m p a r a b l e  m a g n i t u d e  to the  p o l e  t e r m  a t  t ~ -rn~. Thus  a l l  c r o s s  s e c t i o n s  
w h i c h  i n c l u d e  p ion  e x c h a n g e  shou ld  be  s t u d i e d  f o r  - t  < 0.02 GeV 2 by  a p a -  
r a m e t e r i z a t i o n  such  a s  

Bm2 Gm 4 
da ~ A 7r (4q 2 s )  d-~ + - -  + (36b)   ,mb 

( r a t h e r  than by e x p o n e n t i a l s ,  a s  i s  a c o m m o n  p a r t i t e ) .  The  c o n s t a n t  c o e f f i -  
c i e n t  G of the  ( t -  m~) -~ t e r m  can be  e x p r e s s e d  in t e r m s  of  the  p ion  c o u -  
p l i n g s ,  wh ich  a r e  of ten  known o r  a r e  s o m e t h i n g  we wan t  to e x t r a c t  f r o m  the  
d a t a .  The  q u a n t i t i e s  A and B a r e  c o e f f i c i e n t s  w h i c h  can d e p e n d  on the  d e -  
t a i l s  of  n o n - p i o n  b a c k g r o u n d ,  a s  w e l l  a s  on the  p ion .  They  a r e ,  t h e r e f o r e ,  
not  d e t e r m i n e d  wi thou t  a d e t a i l e d  f i t  to the  e x p e r i m e n t a l  da ta .  
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The conventional  eva s i ve  Regge -po le  mode l s  p rov ide  quite d is t inc t ive  
p red ic t ions  fo r  many  p r o c e s s e s  due to e f fec ts  of spin,  although, as is well  
known, these  mode l s  a r e  i m m e d i a t e l y  con t rad ic ted  by expe r imen ta l  da ta ,  
i t  i s  useful  to cons ide r  the s t r u c t u r e  of the evas ive  Regge poles  s ince they 
p rov ide  the input to SCRAM. 

The d is t inc t ive  f e a t u r e s  of pion exchange a r i s e  b e c a u s e  the re  is  only one 
coupling of the pion at  each  of the expe r i m en t a l l y  a c c e s s i b l e  ve r t i ce s .  More  
couplings a r e  p r even ted  at  the yNN v e r t e x  by conse rva t ion  of G pa r i ty ,  at 
o the r  v e r t i c e s  by "nonsense  decoupl ing" ,  i . e . ,  by the low spin of the pion. 
(Its Regge r e c u r r e n c e s  do couple in m o r e  than one way.)  The r e su l t s ,  when 
e x p r e s s e d  in t e r m s  of h igh -ene rgy  s - c h a n n e l  hel ic i ty  f l ips  Inil at the v e r -  
tex a r e  

]nB~ B I = 1, 

InB-~ B* ] = 0 domina te s ,  

Inps  --" V, T I = 0 domina te s ,  

In~-~ y l = 1, (36c) 

where  B, B*, PS, V, T s tand for  i sospin  ½ ba ryon ,  i sosp in  { ba ryon ,  p seudo-  
s c a l a r  meson ,  vector ,  m es on ,  and t enso r  meson ,  r e spec t ive ly .  Each  v e r t e x  

• ~ l n  i contains  a f a c to r  ( - t )  , a s  d i s c u s s e d  in subsec t .  3.1. Thus,  in 710 -~ y+n, 
for  example ,  both v e r t i c e s  have ]nil = 1, and the evas ive  Regge pole a m p l i -  
tude van i shes  l ike t in the fo rwa rd  d i rec t ion ;  yN --* p&, on the o the r  hand, 
i s  dominated  by Ini[ = 0 at  each  ve r t ex ,  and does  not vanish.  In an evas ive  
Regge -po l e  model ,  all  t r a j e c t o r i e s  have the s a m e  behav iour  n e a r  t = 0 in 
each  hel ic i ty  ampl i tude .  T h e r e f o r e  the p a r t  of the contr ibut ions  of o the r  
poles  which i n t e r f e r e s  with pion exchange has  the s a m e  p r o p e r t i e s  as  the 
pion exchange i tse l f .  Only the incoheren t  p a r t  of the contr ibut ions  of o the r  
poles  is  d i f fe ren t ,  and i t  con t r ibu tes  only to the A - t e r m  in eq. (36b). 

The consp i r ing  Regge -po le  model  ( see ,  fo r  example ,  the r ev iew a r t i c l e  
by Hite [33]) has  a lso  been appl ied to pion exchange reactions.x In this model ,  
for  the c a s e s  we a r e  cons ider ing ,  the v e r t e x  has  a f a c to r  (-t)-~(1-1nil), d e -  
t e r m i n e d  by fac to r iza t ion .  (Genera l  f o r m u l a s  a r e  in the footnote p. 290)• 
F o r  the n = 2 ampl i tude ,  this f a c t o r  leads  to no vanishing,  wh i l e  k i n e m a t i c s  
r e q u i r e s  a vanish ing  l ike t. Fo r  this r e a s on ,  a consp i r ing  Regge t r a j e c t o r y ,  
with oppos i te  pa r i t y ,  m u s t  jus t  cancel  the contr ibut ion to the n = 2 ampl i tude  
of the t r a j e c t o r y  under  cons idera t ion .  In the consp i r acy  model  fo r  the pion 
yp =-" y+n will not van ish  a t  t = 0, while the dominan t  pa.rt of yN -~ p&, with 
Ini[ = 0 at  each  v e r t e x ,  will  vanish  [65]. 

Regge cuts ,  gene ra t ed  by absorp t ion ,  can change the behav iour  of the 
pu re  pole mode l s  *. The cuts do not c o r r e s p o n d  to a s ingle  pa r i t y ,  nor  do 

* A Regge-cut model was introduced by Frdyland and Gordon [66a], see also Amati 
et al. [66b]. Absorptive cuts with r-exchange have been considered by Kaidalov and 
Karnakhov and by Berffatto et al. [66c]. For absorption corrections to non-Reggeized 
to exchange see refs.  [23,66d]. 
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they fac to r  as  poles  do, and pa r i ty  and fac to r iza t ion  a r e  the p r inc ip le  causes  
of the Regge-po le  s t r u c t u r e  n e a r  t = 0. It  tu rns  out,  as  expected,  that  the 
absorp t ion  model  gives  touts which vanish  only as  s t rongly  as  is  k i n e m a t i c a l -  
ly r equ i red ,  i .e.  as  ( - t )  -~n. Rough e s t i m a t e s  of the cut contr ibut ion can eas i ly  
be made.  We a s s u m e  evas ive  input Regge-po le  ampl i tudes ,  to avoid the 
neces s i ty  of the ad hoc introduct ion of a conspi r ing  t r a j e c t o r y  of pos i t ive  
(natural)  par i ty .  The x = 0 ampl i tudes  a r e  all  concent ra ted  at sma l l  - t  (af ter  

1 1 r e m o v a l  of the k inemat ic  f ac to r  (-t)-~ n) because  of the ( t -  m2) - fac tor .  Thus 
in impac t  p a r a m e t e r  space ,  they a r e  s p r e a d  o v e r  l a rge  a r e a s ,  mos t ly  beyond 
the range  of absorpt ion .  T h e r e f o r e  the cuts a r e  ve ry  sma l l  in the (n, x) = 
C0, 0), (1,0) and (2, 0) ampl i tudes .  The (n, x) -- (0, 2) ampl i tude ,  however ,  in -  
volves  a f ac to r  t / ( t -  m 2) = 1 + m 2 / ( t  - m2) .  As before ,  the m 2 / ( t  - m 2) t e r m  
is  ve ry  sl ightly absorbed .  The 1 t e r m  however ,  is s ignif icant ly  absorbed .  
The amount  of absorp t ion  (near  t = 0) is  app rox ima te ly  the produc t  of: 
(i) k, which m e a s u r e s  the s t reng th  of coheren t  ine las t ic  e f fec ts ,  
(ii) Tel (b  = 0) = atot/(41r × s lope of dCrel/dr) ~ ~ for  m e s o n - b a r y o n  r eac t ions ,  
(iii) a f ac to r  of about ½, a r i s i n g  f rom the fact  that the range  of a Regge pole 
effect  is  c o m p a r a b l e  to the range  of absorp t ion ,  and (iv) the s ize  of the 
Regge pole (with t / i t -  m 2) rep laced  by unity). All these  f ac to r s  a p p e a r  in 
eq. (A.12a) of HKPR [1]. Putting them toge ther  we get ,  for  m e s o n - b a r y o n  
p r o c e s s e s ,  

~k × pole(0 ' 2 ) '  (36d) cut(0 ' 2) 

and sl ightly l a r g e r  for  b a r y o n - b a r y o n  p r o c e s s e s .  
The re  is  one r ema in ing  model  which has been applied to photoproduct ion,  

name ly ,  the fixed pole model  [67]. The usual  p roof  that fixed j - p l ane  poles  
a r e  not al lowed in de t e rmin ing  high energy  behaviour  does  not apply to pho-  
toproduct ion,  s ince the proof  involves  non- l inea r  un i ta r i ty ,  not p o s s e s s e d  
by photoproduct ion to o r d e r  e. This  has led to models  involving fixed poles .  
For  example ,  the obse rva t ion  that  the s -channe l  nucleon Born t e r m  app rox i -  
ma te ly  fi ts  the n e a r - f o r w a r d  yp -~ ~+n data ,  if taken s e r i ous ly ,  is  d e s c r i b e d  
as  fixed poles  in the j -p l ane  [68] *. (If this obse rva t ion  is  i n t e rp r e t ed  in 
t e r m s  of duali ty ideas ,  however ,  i t  can c o r r e s p o n d  to any j - p l ane  s ingular i ty  
n e a r  j = 0, in p a r t i c u l a r ,  to Regge cuts .)  The re  a r e ,  however ,  s t rong  t h e o r -  
e t ica l  a r g u m e n t s  to ru le  out fixed poles  [69, 70]. 

Although these  theo re t i ca l  a r g u m e n t s  r e s t  on spec i f i c  dynamica l  mode l s ,  
the r e su l t  is  sugges ted  by quite genera l  cons idera t ions .  The pion pole o c c u r s  
in photoproduction.  Since the pion is  compos i t e ,  when taken off m a s s  shel l ,  
i t  is  a moving pole following the t r a j e c t o r y  a~(t). The p roposed  fixed poles  
however  involve the pion pole (possibly  ind i rec t ly ,  in t e r m s  of the nucleon 
pole ,  which contains  the pion pole by gauge invar iance) ;  this fixed pole i m -  

* The Feynman graph with a nucleon pole at s = M2appears to be an appropriate ad- 
dition to the ~r-exchange Feynman graph in order to preserve gauge invariance. 
However, only the singularity is required. The high-energy tail of the nucleon term 
can be very different. The absorptive and other models discussed here are gauge 
invariant (See ref .  [73] for  ~m e x t e n s i v e  discussion of gauge invariance). 
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pl ies  an e lementa ry  pion. The usual  theore t ica l  a rguments  [69, 70] against  
fixed poles r e s t  on the compos i t eness  of the external  pion. Gauge invar i -  
ance,  however ,  int imately re la tes  the p rope r t i e s  of the external  and the in-  
ternal  pions. 

Experiment:  The exper iments  conveniently group themselves  accord ing  
to the helicity ampli tudes  which dominate 7r-exchange: 

+ poA++ ' K*°A ++, (n,x) = (0,0):  7r p ~ K+p 

(n,x) = (0,2) and i2,0):  ~,p ~ 7r n (ref. [62]), yn -~ ~ p (ref. [62]), 

np ~ pn (ref. [63]), p~--* nfi (ref. [64]), 

(n,x)  = (1,0): pp-~ nA ++ (ref. [71]), ~N -~ ON (ref. [72]), KN -~ K*N. 

We have assoc ia ted  reac t ions  for  which there  is extensive data with the 
hel ici t ies  of the dominant  helicity ampli tudes for  ~-exchang e. This is not 
to suggest  that ~-exchange completely  dominates  these react ions .  There  a re  
many cases  where  o ther  exchanges a re  very  important .  However,  we a re  
looking for  s t ruc tu re  at  very  smal l  -t ,  i .e . ,  - t  % 0.02 to 0.04, which will be 
due to 7r-exchange. Such s t ruc tu re  is easily seen in many,  but not all,  of 
the above react ions .  F u r t h e r m o r e ,  the energy dependence near  t = 0 is 
consis tent  with 7r-exchange; however  the energy dependence does not provide 
a sensi t ive  tes t  against  impor tan t  contr ibutions due to exchange of other  
Reggeons.  

The above assoc ia t ion  is de te rmined  by the p rope r t i e s  of the ~-exchange 
ve r t i ces ,  e . g . ,  as given by eq. (36c). The exper imenta l  different ial  c r o s s  
sect ions  show the following pr incipal  fea tures :  The in, x) = (0, 0) cases  show 
a la rge  sharp  peak natural ly  assoc ia ted  with the pion for  - t  ~ 0.1. The 
(n, x) = (0, 2) and (2,0) cases  show a sma l l e r  sharp  fo rward  spike contained 
within - t  ~ 0.02, followed by a shoulder  out to - t  ~ 0.1, except for  p~ ~ nfi 
where  the c ros s  section is very  much l a r g e r  than in the c ros sed  react ion 
np-~ pn, suggest ing that 7r-exchange fea tures  may be hidden. The (n, x)= (1,0) 
cases  do not exhibit obvious s t ruc tu re  in the near  fo rward  direct ion.  All 
these c r o s s  sect ions fall r a the r  smoothly like e at  with a ~ 5 to 10 GeV -2 
aside f rom the s t ruc tu re  mentioned. It will be seen below that cer ta in  i m -  
por tant  but l ess  p rominent  fea tu res  of these c r o s s  sect ions  have probably 
not been seen because  of difficult ies of measuremen t .  

The reac t ions  assoc ia ted  with in,x) = (0,2) and (2, 0) a re  the key to the 
behaviour  of 7r-exchange nea r  t = 0. We can immedia te ly  dispose of a t heo r -  
etical  descr ip t ion  which involves "evasive poles"  only, since severa l  r e a c -  
tions show 7r-exchange peaks assoc ia ted  with (n,x)  = (0, 2) instead of dipping 
in the forward  di rec t ion (note, for  7r-photoproduction there  is no in ,x)=(0,  O) 
ampli tude so the observed  peak ru les  out this descr ipt ion) ,  o r  with "con-  
spi r ing poles"  only, where  compar i son  of re la ted  c r o s s  sec t ions ,  p a r t i c u l a r -  
ly y+p -~ p°A++, using fac tor iza t ion ,  fails [65]. These reac t ions  can be fit 
using a model with both evasive and conspir ing t r a jec to r i es .  No less  than 
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three t r a jec to r ies  assoc ia ted  with the ~ a re  needed: ~, ~' ,  ~". With these 
exchanges,  and with the contributions due to exchange of p and A noted above, 
a fit to data in the - t  ~ 0 region,  s imi la r  to that obtained in the s t rong ab-  
sorpt ion model below, can, perhaps ,  be obtained. (Note that exper iment  
ru le s  out a conspiracy model for K-photoproduction para l le l  to that for  
(ref. [73]).) No par t ic les  have been observed  in associa t ion with ~' and y". 
These facts ,  and its ar t i f ic ia l i ty ,  render  this approach quite unsat is factory.  
Another theoret ical  model involves the addition of fixed poles at a = 0 (i.e., 
poles in the t-channel  angu la r -momentum plane) to conspir ing and evasive 
poles.  These fixed poles are  only considered in photoproduction. One of the 
mos t  unpalatable fea tures  of such fixed pole contributions is the need to 
r e c r e a t e  s imi la r  fea tures  of the data for in, x) = (0, 2) in np-~ pn by a wholly 
different mechanism,  such as conspiracy.  Another hadronic p rocess  
~-p -* p°n (ref. [72]) has, in all probabil i ty,  the same forward peak, when 
the p has helicity ± 1, as is observed  in photoproduct ion,  and so would m o r e  
natural ly be explained in the same way as photoproduction. If there are  
fixed poles backward photoproduction would be expected to have a fixed pole 
at a = ½ in d i sagreement  with the observed  energy dependence [70]. 

The absorpt ion approach with evasive poles is much more  p romis ing  be-  
cause the in, x) = (0,2) ampli tudes should appear  as in fig. 5d. The data for  
these react ions  (except p~-~ n~) where y exchange is dominated by (n, x) = 
= (0, 2) and (2, 0), indeed looks roughly like the sum of such an in, x) = (0, 2) 
amplitude and a (2, 0) amplitude (fig. 5c) which peaks at re la t ively smal l  -t,  
near  0.06 because it is ~-exchange. This (n ,x )  = (2,0) ~-exchange contr ibu-  
tion is d i rect ly  visible as a shoulder  in cer tain np ~ pn and ~,p ~ 7r+n angular  
distr ibutions.  

Let  us invest igate these cases  more  quantitatively.  We have in, x)= (0, 0), 
(1,0), (2, 0)I (0,2) ampli tudes;  they have the d imens ionless  fo rms  given in 
eq. (36a). The quantity C02 in that equation contr ibutes in the forward di-  
rection.  The "principal cut" associa ted  with ~-exchange can be es t imated 
using eq. ( 3 ~ )  

C02 = C02 ~ + C02,  
with 

C02 ~. ~ -~ ~.gg', 

where k = 1 cor responds  to the elast ic  absorption prescr ip t ion  and where,  
! 

C02 contains contributions due to (absorption co r rec t ions  to) exchange of 
other  Reggeons. In t e rms  of the quantity G of eq. (36b) we have 

G = 2(gg') 2 = e2g2/47z = 0.53 mb GeV 2 , 

for  ~p -~ y+n and ~,n -~ ~z-p and 

= g 4 / 4 ~  = 1.06 GeV 2 . b ,  G 

for  np --* pn, where e2[4~ = 1/137 and g 2 / 4 ~  = 14.7. We wish to compare  



NON-DIFFRACTIVE REACTIONS 301 

exper iments  and theory in the forward  direct ion.  Theore t ica l ly  

d~ IC02l 2 ~½]½x+  C] 2 ' - ~ G .  4q 2 s d t  t--*0 

Exper iments  averaged for yp ~ y+n and ~,n -~ y-p  (ref. [62]) for  P l a b  
>i 5 GeV/c yield 

da 4q 2 s ~ = 0.6 G(+15%), 

while the old np -~ pn exper iment  at 8 GeV yields 0.23 G and a new exper i -  
ment  at a var ie ty  of energ ies  has roughly twice the absolute c ro s s  section 
(pre l iminary  resul ts )  [63]. It appears  for  np -~ pn 

da (0.4 to 0.5)G.  4q 2 s ~ -  = 

It is  s t ra igh t forward  to desc r ibe  the above exper iments  by choosing 
k ~ 2 to 3, and including significant but not dominant p -  and A-contr ibut ions  
near  t = 0. No one has yet  found a sa t i s fac tory  way to desc r ibe  these exper i -  
ments  with k = 1, with mos t  of the contribution due to the other  exchanges 
(the known behaviour  in phase and in charge  dependence for p-  and A - e x -  
change contributions r e s t r i c t s  one ' s  freedom).  We conclude that while the 
e las t ic  absorpt ion p resc r ip t ion  is quanti tat ively inadequate,  the absorpt ion  
model ,  with s t rong-absorp t ion ,  can be sa t i s fac tory  for these react ions .  In- 
deed a detailed and sa t i s fac to ry  fit to these four reac t ions  and re la ted p r o -  
ce s ses  has been recent ly  ca r r i ed  out [30]. 

It r emains  to br ief ly desc r ibe  the other  two sets  of reac t ions  in the ab-  
sorpt ion model. Consider  those assoc ia ted  with (n,x) = (0, 0) y-exchange.  
It is hard to make predic t ions  or  ex t rac t  numbers  for  A and B t e rms  
(eq. (36b)) in the different ial  c ro s s  section. It is difficult to normal ize  the 
data with two broad resonances  p resen t  and it is difficult to compare  ex-  
pe r iment  and theory at modera te  energ ies  because  of the la rge  tmi n which 
changes f rom event to event. The data is consis tent  with a re la t ively steep 
different ial  c ro s s  section.  As d i scussed  above, the amount of absorpt ion is 
smal l  even in s t rong absorpt ion models.  

The reac t ions  assoc ia ted  with I n , x )  = (1, 0) ~-exchange should on very  
close examination show a smal l  i n , x )  = (0,2) y-exchange contribution with 
its cha rac t e r i s t i c  shape. This is d i scussed  fur ther  in the next section of 
this paper .  This has not been seen. Even the tu rnover  near  t = 0 assoc ia ted  
with la rge  in,x) = (1, 0) does not show up strongly.  The data is ,  however ,  
cer ta in ly  consis tent  with the s t rong absorpt ion model with evasive poles. 

C o n c l u s i o n :  The pure  evasive Regge-pole  model is ruled out by the ex i s -  
tence of a forward  peak in yp -~ ~+n, and the pure conspi racy  model is ruled 
out by y+p ~ p°A++. Thus,  a pure pole model requ i res  three t r a j ec to r i e s  
with in tercept  near  j = 0. Of these,  only the pion has been seen as a p a r -  
ticle. There fo re ,  pure  pole models  a re  very  unlikely to be valid. 

The fixed pole model is unpalatable on theore t ica l  grounds. Moreover ,  
it makes  no a t tempt  to explain purely  hadronic  p roces ses .  In addition, there  
is no fixed pole at j = ½ in backward photoproduction,  as would be expected. 



302 M. ROBS et al. 

If the data is to be explained by cuts,  they must  be very  strong. The ob-  
served  c ros s  sect ions a re  about an o r d e r  of magnitude l a rge r  than those ob-  
tained with ~ = 1. In fact,  the n e c e s s a r y  s t rength of the cut is even l a rge r  
than SCRAM would give with the same k-value as in other  p roces ses .  

Summary: All the var ious  aspec ts  of the angular  s t ruc tu re  favour SCRAM 
over  the conventional models.  The observed  s t ruc tu re  depends p r imar i ly  on 
(n,x), ra ther  than the details  of the exchange. Dips occur  at - t  = 0.2 and 0.6 
for  (n,x) = (0, 0) and (1,0) respect ively .  This is the position of the f i r s t  dif-  
f ract ion minimum of a r ing source  with a radius of one fro, and an azimuthal  
dependence ein~p. 

On the other  hand, the conventional models  do not co r r ec t ly  explain the 
angular  s t ruc ture ;  ~-exchange at t = 0 requ i res  ei ther  s t rong cuts or  unap- 
pealing assumptions.  The dip s t ruc ture  at 0.2 and 0.6 in conventional models 
is attributed to nonsense wrong-s igna tu re  ze ros  and accidental  dynamical  
zeros .  These assumpt ions  can be made to work in individual p roces ses .  
However,  the conventional models  requi re  factor izat ion of these zeros .  The 
observed  s t ruc tu re  does not factor ize .  Thus, the conventional models force  
one to have too many ze ros  in some ampli tudes,  or  not enough in others .  
As examples ,  the absence of a general  dip at u ~ -0.2 for  N-exchange and 
the absence of a zero at t ~ -0.6 in dcr(),p-~ ~+n)/dt - dcr(yn-~ ~ ' p ) / d t  argue 
strongly against  nonsense wrong-s igna tu re  zeros .  

The conventional model,  which we call the N-model ,  d i sag rees  qual i ta-  
tively with experiment .  The exchange degenera te  model,  which we call the 
V-model ,  also d i sag rees  with experiment .  However ,  if the V-model  is con-  
s idered only as a very  rough approximation,  it does have fea tures  in a g r e e -  
ment with the exper imental  data and with SCRAM. It has a l inear  zero in 
each vector  exchange amplitude. (Vector exchange is most  easi ly studied 
experimental ly.)  Only the posit ions of the ze ros  a re  i nco r r ec t  for  ag reement  
with exper iment  (ignoring in this approximation the difficulties with f ac to r i -  
zation of zeros) .  We r e m a r k  that absorpt ive  cuts applied to the V-model  are  
not sufficient to position the ze ros  cor rec t ly .  

3.6. Experimental predictions of SCRAM 
One can say a grea t  deal about the general  s t ruc tu re  of ampli tudes and of 

many react ions  in SCRAM, independently of the details  of the pa r ame te r s .  
(Note: SCRAM is defined in subsect .  3.4.) Some predic t ions  a re  contained in 
table 6. 

All ampli tudes a re  classif ied accord ing  to s-channel  hel ici t ies  and the 
net helicity flip n = J k a - ~ b - k c + X d J  and x = Ika-XcJ  + Jkb-~dJ - n. 

Apart  f rom the pion exchange, which can be unders tood in the same 
t e r m s  as the following but which gives somewhat  different  numer ica l  values 
because of the impor tance  of the nearby pole, the model has the p roper t i e s :  

(a) For  any exchange for  any p roce s s  (e.g., p, A2, N, A, etc.) an ampl i -  
tude with (n, x) = (0, 0) ((n, x) = (1,0)) has pole-cut  des t ruc t ive  in te r fe rence  
about 0.2 (GeV/c) 2 (0.6(GeV/c) 2) away f rom the forward  o r  backward d i r e c -  
tion. The uncertainty in p a r a m e t e r s  can shift these points by perhaps  25% 
f rom p roces s  to p rocess .  1 

(b) All helicity ampli tudes vanish at the forward  direct ion as (t o -t)-~n; 
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thus  the  b e h a v i o u r  n e a r  t = t o and  the  p o i n t  of  the  p o l e - c u t  i n t e r f e r e n c e  a r e  
c l o s e l y  r e l a t e d  by the  d e p e n d e n c e  on n. S i m i l a r  r e m a r k s  hold fo r  the  b a c k -  
w a r d  d i r e c t i o n  h e r e  and  be low.  

(c) The  p o l e - c u t  i n t e r f e r e n c e  n e a r  t = -0 .2  t e n d s  to g ive  a s i g n i f i c a n t  d ip  
in  the  m a g n i t u d e  of  the  a m p l i t u d e  s i n c e  the  r e a l  and  i m a g i n a r y  p a r t s  of  the  
a m p l i t u d e  v a n i s h  a t  p o i n t s  t ha t  a r e  not  f a r  s e p a r a t e d .  By t = -0 .6  the  r e l a -  
t i ve  p h a s e  of  p o l e  and cut  i s  f a r  enough  f r o m  ~r tha t  one  can ge t  a s h a l l o w  d ip  
o r  j u s t  a b r e a k ,  w h e r e  the  cu t  w i th  i t s  f l a t t e r  s l o p e  t a k e s  o v e r .  

(d) D i f f e r e n t i a l  c r o s s  s e c t i o n s  a r e  i n c o h e r e n t  s u m s  of the  a b s o l u t e  s q u a r e s  
of  h e l i c i t y  a m p l i t u d e s .  The  n = 1 a m p l i t u d e s ,  wh ich  v a n i s h  a t  t = to,  have  a 
p e a k  n e a r  t = - 0 . 2 ,  j u s t  w h e r e  the  n = 0 a m p l i t u d e s  have  a dip .  Thus  i f  the  
two c o n t r i b u t e  to s o m e  r e a c t i o n  in a b o u t  equa l  a m o u n t s  (as  in ~ - p  ~ p u - )  one  
w i l l  s e e  no d i p s .  In g e n e r a l  one  m u s t  have  i n f o r m a t i o n  on c o u p l i n g s  to know 
which  a m p l i t u d e s  d o m i n a t e .  

Us ing  t h e s e  r e s u l t s ,  l e t  us  g ive  s o m e  q u a l i t a t i v e  p r e d i c t i o n s  f o r  a n g u l a r  
d i s t r i b u t i o n s .  

(i) da/dt o r  d(~/du f o r  any p r o c e s s  wi th  h i g h - s p i n  e x t e r n a l  p a r t i c l e s ,  
( e .g . ,  uN-~  f °N,  lrN -~ pA,  pp ~ ~d, ~N--* Np, e t c . )  w i l l  be  the  s u m  of  
s q u a r e s  of m a n y  t e r m s  and  w i l l  not  show d i p s  away  f r o m  the  f o r w a r d  d i r e c -  
t ion u n l e s s  the  c o u p l i n g s  a r e  v e r y  s p e c i a l .  (Some m o d e l s ,  of  c o u r s e ,  have  
p a r t i c u l a r  c o u p l i n g s  w h i c h  r e s u l t  in v a n i s h i n g  of  c e r t a i n  h e l i c i t y  a m p l i t u d e s . )  

(i i)  da/dt (da/du) f o r  all processes, e x c e p t  fo r  s c a t t e r i n g  of  s p i n l e s s  p a r -  
t i c l e s  On s p i n l e s s  p a r t i c l e s ,  w i l l  show a b r e a k  in s l o p e  f o r  - t  ( -u)  & 0.6 b e -  
c a u s e  the  n = 1 cut  wi th  i t s  s h a l l o w e r  s l o p e  i s  b e g i n n i n g  to d o m i n a t e  t h e r e  
and ,  in a d d i t i o n ,  the  n = 0 a m p l i t u d e  has  a s e c o n d a r y  m a x i m u m  t h e r e .  The  
n > 1 a m p l i t u d e s  a r e  no t  d o m i n a n t  e x c e p t ,  in p r i n c i p l e ,  f o r  v e r y  high e x -  
t e r n a l  s p i n s .  

( i i i )  The  n -- 0 a m p l i t u d e  f o r  A - e x c h a n g e  in ~ - p  -~ p ~ -  wi l l  have  a z e r o  
(and in p a r t i c u l a r  i t s  i m a g i n a r y  p a r t  v a n i s h e s )  s o m e w h e r e  n e a r  -u = 0.2,  
b e c a u s e  a l l  n = 0 a m p l i t u d e s  do ;  a s  f a r  a s  we know th i s  p r e d i c t i o n  i s  un ique  
to SCRAM. It can  be  t e s t e d ,  in p r i n c i p l e  and p e r h a p s  in p r a c t i c e ,  by e v a l u -  
a t ion  of a p p r o p r i a t e  f i n i t e  e n e r g y  s u m  r u l e s  [74-77] .  S i m i l a r l y ,  the  n = 1 
a m p l i t u d e  in u+p ~ p~+ in SCRAM d o e s  not  have  a z e r o  n e a r  u = -0 .2 ,  w h i l e  
in m o d e l s  wi th  n o n s e n s e  w r o n g - s i g n a t u r e  z e r o s  i t  d o e s  v a n i s h  t h e r e .  A g a i n ,  
f i n i t e  e n e r g y  s u m  r u l e s  m i g h t  be  a b l e  to d i s t i n g u i s h  b e t w e e n  t h e s e  a l t e r n a -  
t i v e s .  

S i m i l a r  e f f e c t s  hold  f o r  b a c k w a r d  K+p -~ pK+; in SCRAM the n = 0 a m p l i -  
tude  wi l l  have  a z e r o  n e a r  u = -0 .2 ,  w h i l e  in m o d e l s  wi th  n o n s e n s e  w r o n g -  
s i g n a t u r e  z e r o s  o r  e l a s t i c  a b s o r p t i v e  cu t s  i t  w i l l  not .  

(iv) The  c o r r e l a t i o n  b e t w e e n  the  f o r w a r d  b e h a v i o u r  and the  d ip  s t r u c t u r e  
i m p l i e s  f o r  any  d i f f e r e n t i a l  c r o s s  s e c t i o n :  

S i g n i f i c a n t  d ip  a t  - t  i - u )  ~ 0.6 ~ f o r w a r d  ( b a c k w a r d )  t u r n o v e r ,  
no s i g n i f i c a n t  d ip  a t  - t  i -u )  ~ 0.2. 

S i g n i f i c a n t  d ip  a t  - t  ( -u)  ~ 0.2 -~ no f o r w a r d  ( b a c k w a r d )  t u r n o v e r ,  
no s i g n i f i c a n t  d ip  a t  - t  ( -u)  ~ 0.6. 

Note  tha t  t h e s e  p r e d i c t i o n s  canno t  be  r e v e r s e d ,  i . e . ,  the  r i g h t  hand  s t a t e -  
m e n t s  do not  i m p l y  the  d i p s  a t  le f t .  

(v) C o n s i d e r  p ion  e x c h a n g e  in v e c t o r - m e s o n  p r o d u c t i o n .  A n u m b e r  of 



304 M. ROSS e t  al. 

p r o c e s s e s  a r e  d i s c u s s e d  in p r e v i o u s  s e c t i o n s .  H e r e  we  wan t  to m a k e  p r e -  
d i c t i o n s  fo r  s m a l l  t f o r  n - p  --" p°n ( re f .  [72]) and  K - p  -~ K*°n ,  K+n -~ K'p, .  
L a b e l l i n g  the  c .m .  h e l i c i t y  a m p l i t u d e s  wi th  a s u p e r s c r i p t  f o r  the  p o r  K 
h e l i c i t y  and s u b s c r i p t s  f o r  the  f i n a l  and  i n i t i a l  b a r y o n  h e l i c i t y  r e s p e c t i v e l y ,  
M ~ , , ~ ,  the  a n a l y s i s  g o e s  a s  f o l l ows  [78]: 

T h e r e  a r e  s i x  i n d e p e n d e n t  h e l i c i t y  a m p l i t u d e s  w h i c h  can  be  c h o s e n  a s  
~ + + ,  0 + -I- + -t- . M+_, M++, M__, M+_, M_+. Their n-values are respechvely (n,x) = 
= (0 ,0 ) ,  ( 1 ,0 ) ,  (1 ,0 ) ,  ( 1 , 0 ) ,  ( 0 , 2 ) ,  and  (2 ,0) .  We c o n s i d e r  h e r e  on ly  p ion  e x -  
c hange ,  so to a s s u r e  d o m i n a n c e  of n - e x c h a n g e  d e p e n d e n c e  c o n s i d e r  on ly  
- t  < 0.02. At  high e n e r g i e s  the  p i o n - e x c h a n g e  a m p l i t u d e s  wi th  nuc l e on  h e l l -  
c i ty  f l i pped  a r e  a p o w e r  of  s h i g h e r  than  t h o s e  wi th  nuc l eon  h e l i c i t y  u n -  
c h a n g e d ,  so we d r o p  the t h r e e  a m p l i t u d e s  wi th  l '  = k. 

We  then have  to c o n s i d e r  M ° , M + and M+-~-. N e a r  the  f o r w a r d  d i r e c t i o n  
the  po le  c o n t r i b u t i o n s  go in g e n e r a l  a s - ( t  o - t)½(n+x). P a r i t y  c o n s e r v a t i o n  a t  
the  v e r t i c e s  g i v e s  f o r  the  p o l e s  (but no t  fo r  the  fu l l  a m p l i t u d e s )  M + .  = M~_+. 
B e c a u s e  t h e s e  have d i f f e r e n t  n, they  a r e  a b s o r b e d  d i f f e r e n t l y  and a r e  not  
e x p e c t e d  to be  equa l  e x p e r i m e n t a l l y .  

B e c a u s e  M~+_ has  a po l e  p a r t  equa l  to the  p o l e  of M++,  wh ich  i s  p r o p o r -  
t i ona l  to t ,  M +_ (with (n, x) ~ (0, 2)) c o n s i s t s  of a p o l e  w h i c h  e v a d e s ,  i . e . ,  
wh ich  i s  of the  f o r m  t/(l - m~), m i n u s  a l a r g e  cut  wh ich  d o e s  not  v£anish in 
the  f o r w a r d  d i r e c t i o n ;  M++ (with (n,x) = (2 ,0) )  b e h a v e s  a s  t / ( t -m~)  with  a 
s m a l l  cut .  M e a n w h i l e ,  MO+_ b e h a v e s  a s  (- t)~/( t-m2).  

C r u d e l y  s p e a k i n g ,  a f t e r  a b s o r p t i o n  M ° i s  p r o p o r t i o n a l  to mnJ-~-[, 
+ ~ 2 + ~ l  J ' ~- " " ""  + M+_ ~ m n and M +  ~ . Thus  M(+_ i s  the  d o m i n a n t  a m p l i t u d e ,  wh i l e  M + .  has  

a s h a r p  p e a k  a s  i l l u s t r a t e d  in fig.  5d wi th  the  d ip  at  - t  ~ 0.02 and M++ v a n -  
i s h e s  a s  t. 

On the b a s i s  of t h e s e  a r g u m e n t s  we can m a k e  v a r i o u s  p r e d i c t i o n s  [78] fo r  
- t  ~ 0.02. We deno te  c .m .  d e n s i t y  m a t r i x  e l e m e n t s  by ~ and sp in  d e n s i t y  
m a t r i x  e l e m e n t s  in the  v e c t o r  m e s o n  r e s t  f r a m e  by p. T h e s e  p r e d i c t i o n s  
a r e :  

(1) P l l  and P l l  d~/dt have  f o r w a r d  p e a k s  
(2) P00 and d~/dt have  f o r w a r d  d i p s  
(3) P l l  d~/dt i s  f l a t  
(4)  / 5 1 _ l / P l l  b e h a v e s  l i ke  -t/m2~ fo r  - t  ~ m 2, r e a c h i n g  a v a l u e  n e a r  +1 

a t  t ~ - m  2. S ince  th i s  quan t i t y  i s  e q u i v a l e n t  to the  photon  asymmetry in 
c h a r g e d  p h o t o p r o d u c t i o n  wi th  p o l a r i z e d  p h o t o n s ,  we e x p e c t  to f ind the  v e c t o r  
d o m i n a n c e  p r e d i c t i o n  w e l l  s a t i s f i e d  n e a r  - t  = m 2, w h e r e  the  photon  a s y m -  
m e t r y  i s  m e a s u r e d  to be  abou t  1. 

(vi) C o n s i d e r  the  s e t  of b a c k w a r d  r e a c t i o n s  tha t  can  only  have  I = ½ e x -  
c hange ,  e . g . ,  K - p  -~ An,  n - p  -" ??n, e tc .  S ince  we know tha t  n+p -" pn + i s  
d o m i n a t e d  by nuc l eon  e x c h a n g e  and s h o w s  a d e e p  d ip  n e a r  -u  = 0 .15,  in 
SCRAM we can c o n c l u d e  tha t  the  d o m i n a n t  h e l i c i t y  a m p l i t u d e  has  n = x = 0. 
If the  N-A m a s s  d i f f e r e n c e  and ??-~7' m i x i n g  e f f e c t s  a r e  u n i m p o r t a n t ,  and  i f  
SU(3) can be  a s s u m e d  wi th  the  s a m e  ~fu d e p e n d e n c e  f o r  the  F -  and D - t y p e  
c o u p l i n g s ,  then the h e l i c i t y  d e p e n d e n c e  of 7/NN and KNA wi l l  be  the  s a m e  a s  
nNN. In th i s  c a s e  the  (n,x) = (0, 0) a m p l i t u d e s  w i l l  d o m i n a t e  h e r e  too and 
g ive  a d e e p  dip .  

(vi i )  If the  ¢~NN and pNN c o u p l i n g s  w e r e  known we could  p r e d i c t  the  c r o s s  
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sect ion for  the p r o c e s s  K2P -~ KlP (ref. [79]). Although the pNN ver t i ces  can 
indeed be ra the r  well de te rmined  f rom study of o ther  reac t ions ,  the c0-cou- 
pl ings  obtained f rom ~ p ~ O p  and 7p--'~/p unfortunately a re  not as  well de t e r -  
mined by p resen t  fits. If the coNN charge  coupling dominates  as in the t r ad i -  
tional lore ,  then the n = 0 amplitude for  K2P --* KlP dominates  and one ex-  
pects  a dip in toward - t  ~ 0.2, and no forward  turnover ;  while if the tensor  
coupling is not smal l  the n = 1 amplitude is not unimportant  and there will 
be a forward  flat tening and a shallow dip or  break  moved outward toward 
- t  ~ 0.6. In any case ,  K2P ~ KlP and ~p ~ 7r°p and ~p ~ 7?p a re  closely r e -  
lated and taken together  will fix the coNN couplings. 

4. ENERGY DEPENDENCE OF R-TYPE REACTIONS IN SCRAM 

4.1. General  r e s u l t s  
In SCRAM a number  of qualitative and semi-quant i ta t ive  s ta tements  can 

be made without detai led p a r a m e t e r  dependent calculat ions about the energy 
dependence of R- type  o r  single Reggeon exchange p r o c e s s e s  including s t rong 
diff ract ive cuts. It is common [80] to desc r ibe  the s -dependence  with the 
function aeff(t) 

d_~a ~ f ( t )  s 2aeff(t)-2 (39) 
dt 

where  the fitting to aef f is made,  at p resen t ,  in the region roughly 
5-20 GeV/c .  

It must  be emphas ized  that the use of aeff(t) is beset  with snares .  The 
actual c ro s s  section does not have an energy dependence s2aeff -2 ;  i .e . ,  the 
left side of eq. (39) does not depend on s as indicated by the r ight side. A 
reasonable  definition of aef f should requi re  that if a theory ag rees  with ex-  
pe r imenta l  data that the theore t ica l  and exPer imental  aeff(t) agree .  We 
thus de te rmine  aeff(t) f rom a theore t ica l  c ro s s  sect ion by making a best  fit 
to (39) with use of the e x p e r i m e n t a l  e r r o r s ,  i .e . ,  one min imizes  

/ f ls 2aeff-2 - _d~/dt~ 2 
\ A(d~/dt) / ' 

where  A(da/dt) a re  the exPer imental  e r r o r s ,  whether  d e / d t  is the theore t i -  
cal o r  exPerimental  c ro s s  section. It must  be kept in mind that in both ex-  
per imenta l  and theore t ica l  de te rmina t ions ,  this p rocedure  weights low en- 
e rg ies  (because the data is m o r e  accura te  there) which is unfortunate (be- 
cause our  theor ies  are  less  accura te  there).  Other  methods of de te rmining  
aef f will weight theory at high energy and exPer iment  at low energy;  lack of 
ag reemen t  is not surpr is ing .  

In general  each helicity amplitude is the sum over  the contributions due 
to different  allowed Reggeons,  each contribution being the sum of pole and 
cut. The pole and cut a re  roughly ~ out of phase at smal l  - ~ but may be-  
come re la t ive ly  imaginary  by - t  ~ 1. Consider  the cut due to compounding 
Reggeon exchange,  with an  energy  dependence s°aR(t), and diffract ion with 
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an e n e r g y  d e p e n d e n c e  s a c  (t). At  g iven  i n t e r m e d i a t e  m o m e n t u m  t r a n s f e r s  
t l ,  t2,  the  e n e r g y  d e p e n d e n c e  i s  g iven  by s [ a R ( t l )  + av ( t2 )  "1] .  L e t  t R and t V 
be  the  k i n e m a t i c a l l y  a l l o w e d  v a l u e s  of t 1 and t 2 w h i c h  m a x i m i z e  the  p o w e r  
of  s.  Then  a s  s --* oo the e n e r g y  d e p e n d e n c e  of  the  cut  i s  g iven  by [81] 

s [ ~ R ( t R )  + ~ v ( t v )  - Z] 
M C --< cons t ,  x In s (40) 

F o r  l i n e a r  t r a j e c t o r i e s ,  

¢zi-, ~--t R - , a;C + a~ 

v-:-tv -- + % (41) 

At c u r r e n t  e n e r g i e s  the  d i s t r i b u t i o n  in a n g l e s  w i l l  b e  m o r e  b r o a d l y  s p r e a d ,  
e . g . ,  b e c a u s e  the  two s c a t t e r i n g s  w i l l  not  be  in the  s a m e  p l a n e .  Thus  the  
a v e r a g e  v a l u e s  of - t l ,  - t  2 a r e  l a r g e r  than  (41). A n o t h e r  r e a s o n  why (40) i s  
not  qu i te  a c h i e v e d  i s  tha t  the  cut  d i s c o n t i n u i t y  v a n i s h e s  a t  the  b r a n c h  po in t ,  
i . e . ,  the  doub le  s c a t t e r i n g  d o e s  not  o c c u r  a t  a n g l e s  w h i c h  e x a c t l y  m a x i m i z e  
the  s - d e p e n d e n c e .  As  a r e s u l t  of t h e s e  a r g u m e n t s  and  the  In s in (40) i t  i s  
s e e n  tha t  the  cut  b r a n c h  p o i n t  [ a v ( t v )  + a R ( t  R) - 1] a s  a func t ion  of t l i e s  

T 

a b o v e  aef f ( t  ) of  the  cut  and  aef  f -  dae f f ( t ) / d t  i s  p o s i t i v e  even i f  a V = cons t .  
F r o m  t h e s e  doub le  s c a t t e r i n g  a r g u m e n t s  we  s e e  tha t  a t  s m a l l  -t ,  aef  f of  the  
cut  l i e s  be low apo le  wh i l e  f o r  l a r g e  - t ,  aef  f of the  cu t  l i e s  a b o v e  apo le .  D e -  
f ine  t '  to be  the  va lue  of t a t  wh ich  t h i s  t r a n s i t i o n  o c c u r s .  I t  t u r n s - o u t  tha t  
- t '  ~ 0.1 to 0.3,  i n c r e a s i n g  wi th  i n c r e a s i n g  n and x.  

The  aeff  fo r  one  h e l i c i t y  a m p l i t u d e  f o r  Re gge on  e x c h a n g e  (pole  + cut) thus  
d e p e n d s  on w h e t h e r  t X t '  and w h e t h e r  [pole]  X ]cu t [ .  The  two m o s t  i m -  
p o r t a n t  c a s e s  a r e  s k e t c h e d  in  f ig.  7: f o r  x = 0 ( n o n - e v a s i v e )  wi th  - t  a t  the  
d ip  ( w h e r e  ]cut  I b e g i n s  to d o m i n a t e  I p o l e l )  g r e a t e r  than  - t ' ,  and  f o r  n = 0, 
x --- 2 ( e v a s i v e ) w i t h  Icu t l  > Ipole  I t h roughou t .  F o r  both  c u r v e s  a V ~ 1. 

O ~  (n,x) =(0,21 
~ ~.,,~,, AMPLITUD[ 

o ~ f  x-o (b) ~" - " - ' "  

, " ~ E  PoLE 
Ol : "t' -t 

-t' -tdl p -t .tdip 
Fig.  7. Energy dependence in SCRAM of c ros s  sections due to definite hel ic i ty  flip 
(n,x). In (a), for x = 0 (and anyn) ,  the pole dominates at smal l  angles (inside -tdip) 
and the cut at l a rge r  angles.  At t ' ,  o of the pole equals the effective o of the cut. 
In (b), (n,x) = (0,0) so that the cut dominates for  t inside tdip, then the pole domi-  
nates ,  then at la rge  - t  the cut dominates again. The rough effect of this complicated 

behavior  is that 0t does not change rapidly.  



NON-DIFFRACTIVE REACTIONS 307 

The qualitative predic t ions  a r e  as  follows: 

aeff(t) > a ~ ,  for  x = 0, 

for  It] sma l l e r  than its value at the dip. Meanwhile 

( 4 2 )  

ae f f ( t  ) < a ~ ,  f o r  x = 2. (43) 

4.2. Comparison with experiment 
We will now d iscuss  compar i son  with exper iment  and the uncer ta in t ies  

of the p resen t  theory.  Two typical  exper iments  will be considered:  one with 
pa r t i cu la r ly  la rge  aeff , ~rN charge  exchange, and one with smal l  aeff, 
charged ~ photoproduction. 

There  is some evidence in 7rbl charge  exchange of the kink at the dip a l -  
though it is not s ta t is t ica l ly  significant [57, 58]. See fig. 8. However,  m e a s -  
u remen t s  beyond the dip a re  not accura te  and the theory is not expected to 
be good on this detail  at low energies  because  of double Reggeon exchange 
contr ibutions and perhaps  t -channel  uni tar i ty  effects.  There  is s t ronger  
evidence for this kink in 7'P -~ 7r°p (ref. [56]), fig. 9. (High energy yp ~ O p  
at sma l l e r  angle should show aef f ~ ap pole ' )  

Aside f rom the detai led kink s t ructube,  the whole secondary  maximum 
region in ~N charge  exchange has an exper imenta l  a e f  f considerably sma l l e r  
than theory ,  if a~r = 0 (non-shrinking diff ract ive scat ter ing).  It is  quite pos -  
sible to reduce aeff so that it roughly agrees  with the exper imental  aeff if 
a~r ~ 1. However,  that would cause trouble with charged 7r-photoproduction 
d i scussed  below. We p r e f e r  to a rgue  that double Reggeon exchange con t r i -  
butions (or lower t r a j ec to ry  o r  background contributions) a re  impor tan t  at 
the lower  energ ies  or t -channel  uni tar i ty  co r rec t ions  to the n = 0 amplitude 
a re  important .  (These would reduce  o~ff of the large  n = 0 cut in the region 

EF[ 

.4, [ 

0 : : : : : 

• r r 'p  -~ 7T°n 
5.88 - 18.2 GeV/c 

% 8  . . . . . . . . . . . . . . .  

.2 .4 .6 .8 1.0 t2  t 4 - t  

Fig. 8. aef f for pi-nucleon charge exchange. A kink in aef f at -t  ~ 0.6, as predicted 
by SCRAM, is visible, although not statistically significant. 
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Fig. 9. ~eff for 7r ° photoproduction. The kink and the higher ~eff, as predicted by 
SCRAM, are clearly visible. 

of the secondary  maximum as d i scussed  below.) Some evidence for  the f o r -  
m e r  is obtained by examining neff(t) calculated f rom data in the 4 . 6 -  18 and 
5.9 - 18 GeV/c regions.  The theory is insensi t ive to this small  change in 
energy interval .  The exper imenta l  aeff r i s e s  significantly as the minimum 
energy is increased.  

Charged ~-photoproduction is la rgely  evasive ~-exchange at smal l  -t,  
going over  to large  contributions f rom p, A 2 at l a rge r  -t. The net neff(t) 
should be ra the r  constant  near  a= 0 for  - t  & 1 if a~/ ~ 0. At f i r s t  the ~-cut  
dominates ,  then p,  A-pole,  then p, A-cut .  Qualitatively this predict ion is 
just  what is observed  (fig. 10) (ref. [621). The predict ion would be less  sa t -  
i s fac tory  if a4¢ ~ 1; then we expect neff ~ ½ beyond - t  ~ - t '  ~ 0.2, which 
would be too large  for  experiment.  

We conclude that if a~r << 1, i .e . ,  d i f f ract ive sca t te r ing  is not shrinking 
rapidly,  then the s t rong cut model pred ic t s  roughly constant  aeff ~ 0 d i f fe r -  
ential c ro s s  sections for  p r o c e s s e s  with ~-exchange in agreement  with the 
r emarkab le  experimental  resul ts .  However,  with the same model it is dif-  
ficult  to obtain a large  enough aeff to agree  with exper iments  on ~N charge  
exchange. 

It has recently been argued by Fox [80] that this re la t ively poor  fit to the 
l a rge r  angle data ( - t  ~- 1) for  ~-p -~ ~°n is a significant difficulty for  a mod-  
el such as ours .  Such a view is,  however,  ra ther  naive,  because it is in the 
same  angular region that known approximat ions  a re  expected to fall ,  as 
mentioned above. For  example,  double-par t ic le  exchange effects a re  im-  
portant  and are  known to go in the di rect ion of improving ag reement  between 
exper iment  and theory.  For  example,  if, instead of the "asymptot ic"  o r  
diffract ive par t  of the elast ic  sca t te r ing ,  one used the observed  elast ic  sca t -  
ter ing (presumably including par t ic le  exchange) in an absorpt ion calculation 
the motion of pole-cut  in te r fe rence  dips is to l a rge r  r a the r  than sma l l e r  -t 
in the 5 G e V / c  region,  el iminating the kink of fig. 6, and aeff is significantly 
reduced. In addition, t-channel uni tar i ty ,  d i scussed  below, implies  that the 
cut discontinuit ies must  vanish at the b ranch  point in the angular  momentum 
plane [82]. It can be shown that this const ra in t  is in fact  sat isf ied for  all 
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Fig.  10. aef  f for  ~+ photoproduetion. At smal l  I tl  pion exchange dominates;  at 

l a r g e r  I t | t h e  p, A 2 and,their  associa ted  cuts dominate.  

p h o t o p r o d u c t i o n  a m p l i t u d e s  in o u r  m o d e l  and  the  n = 1 a m p l i t u d e  in n -p -~  n°n ,  
w h i l e  i t  i s  v i o l a t e d  fo r  the  n = 0 a m p l i t u d e  in n - p  -* u°n.  Thus  the  l a t t e r  can  
b e  e x p e c t e d  to r e c e i v e  s i g n i f i c a n t  m o d i f i c a t i o n s  c o m p a r e d  to the  p h o t o p r o -  
d u c t i o n  a m p l i t u d e s  o r  the  n = 1 a m p l i t u d e  in n - p  * lr°n. F o r  - t  ~ 0.6 in 
n - p  -~ nOn w h e r e  the  n = 0 a m p l i t u d e  i s  i m p o r t a n t ,  we  c o n s e q u e n t l y  e x p e c t  
t h e o r y  to show s o m e  d i s a g r e e m e n t  wi th  d a t a ,  w h i l e  the  a g r e e m e n t  b e t w e e n  
e x p e r i m e n t  and  t h e o r y  shou ld  be  b e t t e r  f o r  yp -~ gOp. The  d a t a  i n d e e d  i s  a s  
we e x p e c t .  

4 .3.  Energy dependence of the cut, t-channel unitarity 
In th i s  s e c t i o n  we a s s u m e  tha t  a V = 1, i . e . ,  tha t  Teff (b)  h a s  no s - d e p e n -  

d e n c e .  Then  f r o m  eq.  (29) we have  

M C ~ ½s fb db Teff(b)AP(b)J (b~fZt) 

= ½ f b db Tel l (b)Jn(b~r-~)  fdt' Jn(b/:-[')MP(t'). (44) 

MP(t ') i s  g iven  by eq.  (27): 

MP(t,) = (_t,)½(n+ x)~s\_~o j~° + a't' F l i t , )  , (45) 

w h e r e  F l ( t '  ) i s  a func t ion  w h i c h  i s  f i n i t e  a t  t '  = 0, and  can  be  e x p a n d e d  in 
a p o w e r  s e r i e s  

j=O 

S i m i l a r l y  F 2 , . . .  ,F5 ,  u s e d  b e l o w  a r e  f u n c t i o n s  w h i c h  a r e  f i n i t e  when t h e i r  
arguments vanish,  and can be expended in a power ser ies .  Thus the impor-  
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tant behaviour is explicitly exhibited. At high energ ies  we a re  mos t  i n t e r -  
ested in the highest power of s ,  which is obtained for  t '  ~ 0. Thus, the very  
high energy behaviour is found by expanding Jn(b~f---t ') = (-t,)~n F2(b , t ') .  

We combine this resu l t  with eqs. (44) and (45), and c a r r y  out the b - in te -  
gral.  Defining y = n + ½x, we get 

O 

MC: f dC(_c)y a'C F3(C,t), 
-¢(:1 

where  the substitution t '  = ( a -  ao) /a '  has been made. Car ry ing  out the a - in-  
tegrat ion by the rep lacement  x = ( %  - a) In ( s /So) ,  we get 

M e  = (~)a°o 1 F5(~n l(s/so) t )  
( ln(s /So))Y+l  ' , 

where ,  as mentioned above, F 5 can be expanded in a s e r i e s  of non-negat ive 
powers  of 1/ln s. 

The J -p lane  s ingular i ty  given by eq. (46) is a cut with a branch point at  
a J = %. The discontinuity is propor t ional  to the coefficient of s in (46) and 

• n + ~ x  • • • • thus contains a fac tor  (% - a) 2 , vamshmg at the branch point m the J -  
plane if n +½x> O. Therefore  our  cut obeys the Bronzan-Jones  const ra in t  
[82] *, except for n = x = 0. In pr inciple ,  i terat ion of p r o c e s s e s  in the t -  
channel ( t-channel unitarity) also leads to a vanishing of the discontinuity at 
the branch point for  n = x = 0. Thus, phenomenological  effects of t -channel  
uni tar i ty  can probably be safely neglected except in this la t ter  case.  

4.4. Duali ty  and exchange degeneracy  
In the conventional Regge-pole  models ,  a consis tent  set of assumpt ions  

have been made. These assumpt ions  include "duality",  exchange degeneracy ,  
and the exis tence of wrong-s igna tu re  ze ros  at negative t. It is widely be-  
l ieved that acceptance  of any one of these assumpt ions  prec ludes  the poss i -  
bility of s t rong cuts. We show, in this sect ion,  that this belief is i nco r rec t ,  
and in pa r t i cu la r  that slightly modified duality and exchange degeneracy  are  
consis tent  with s t rong cuts. 

We f i r s t  review the situation in the conventional models.  "Duality" [83, 84] 
is the assumption that the imaginary  par t  of the asymptot ic  amplitude (Regge 
poles ,  in this case) is re lated to the low-energy  resonance  p a r a m e t e r s  in 
such a way that when resonances  exist  the imaginary  pa r t  of the h igh-energy 
amplitude is large,  and when there  a re  no resonances  it is small .  When one 
applies this assumption to exotic quantum number  p r o c e s s e s ,  i .e. ,  those 
without resonances ,  one concludes that the contributing Regge poles must  

* The discontinuity should actually be singular at the branch point. Thus the above 
result is not exact. 
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occur  in pa i r s ,  one of each s ignature ,  with roughly the same t r a j ec to ry ,  
with the res idue  functions re la ted  in such a way as to make the imag inary  
pa r t  small .  This pai r ing is known as exchange degeneracy.  As an example,  
the p and A 2 a re  supposed to be degenerate .  

Another  re la ted assumpt ion is the exis tence of wrong-s igna tu re  ze ros  at 
negat ive t. We continue the example of the p and A 2. At a = 0, the t -value 
of the A 2 is negative. As a resul t ,  the Ao t r a j ec to ry  contains no sp in -ze ro  

i i par t ic le ,  and, since the s ignature  phase e-~ ~a is purely  rea l  at a = 0, the 
imag inary  par t  of the A 2 contribution vanishes there.  Since the p - c o n t r i b u -  
tion is purely  imaginary  at a = 0, if the exchange degeneracy  assumption is 
adopted, the p-contr ibut ion vanishes at a = 0, leading to a zero in p - d o m i -  
nated ampli tudes [34, 35]. 

All these assumpt ions  can be re la ted to one more ,  namely that third 
double spec t ra l  function (3DSF) effects a re  weak. This is best  unders tood 
by compar i son  with the opposite case ,  in which 3DSF's  a re  important .  It 
should be noted that there  is no independent justif ication for this a s s u m p -  
t ions;  a p r io r i ,  one would expect the effects of all three double spec t ra l  
functions to be comparab le  in size.  

In SCRAM, 3DSF effects  turn out to be large.  In the f i r s t  place,  the ab-  
sorpt ion cor rec t ion  is a Regge cut, which requ i res  the p resence  of a 3DSF 
[85]. Thus a s t rong cut is equivalent to a large  3DSF effect. Also, fixed 
poles a re  3DSF effects.  

SCRAM as s umes  that the Regge pole contributions have no ze ros  as  a 
function of t. This r equ i res  that their  res idues  in the angular  momentum 
plane have poles at nonsense wrong- s igna tu re  points. These poles p r e s u m -  
ably a r i se  by mixing with Gr ibov-Pomeranchuk  fixed poles [37-39]. These 
poles a re  caused by the 3DSF; and cuts,  also 3DSF effects ,  a re  requi red  
to prevent  the Gr ibov-Pomeranchuk  pole f rom becoming an essent ia l  s ingu-  
lar i ty .  Thus this aspec t  of SCRAM, namely that it has no wrong-s igna tu re  
ze ros ,  also is equivalent to la rge  3DSF ef fec ts* .  

An appropr ia te  duality assumpt ion can be made in the p re sence  of s t rong 
cuts. The resonances  must  be re la ted to the sum of poles and cuts,  r a the r  
than to the poles alone. Thus,  in those cases  in which the imaginary  par t  at 
low energies  is smal l ,  there  can be a large  imaginary  par t  in the pole con-  
tr ibution if it is cancelled by the cut contribution. 

A quantitative formulat ion of duality is provided by the finite energy sum 
rules  [87]. These sum rules  can dist inguish the approximate  location and 
s t rength  of s ingular i t ies  in the angular  momentum plane, but cannot d is t in-  
guish between a pole and a cut. This was explicitly shown in a calculation 
by Jackson and Quigg [88,45]. They showed that the f in i te -energy  sum rule 
worked a lmos t  equally well for  pole models  and for  pole + cut models.  They 
found that, the bet ter  the h igh-energy  fit to the data was,  the be t te r  the 
sum rule worked,  independently of the nature of the j -p l ane  singulari ty.  

The modification needed in duality in the p r e s e n c e  of s t rong cuts leads to 
a modification of exchange degeneracy .  In o r d e r  for  duality to work for  

* The large strength of the Gribov-Pomeranchuk fixed pole is determined using the 
Schwarz sum rules [86]. 
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e x o t i c  quan tum n u m b e r  p r o c e s s e s ,  the  a - v a l u e s  f o r  the  r e l e v a n t  t r a j e c t o r i e s  
m u s t  s t i l l  be  c l o s e  t o g e t h e r ,  a t  l e a s t  a t  s m a l l  - t ,  bu t  the  r e s i d u e s  a r e  not  
r e l a t e d  in the  s a m e  way  a s  in  the  p u r e  po l e  c a s e ,  s i n c e  cu t s  m u s t  be  i n -  
c luded .  In p a r t i c u l a r ,  t h e r e  i s  n o  cond i t i on  tha t  the  r e s i d u e  of  a R e g g e  p o l e  
m u s t  v a n i s h  a t  w r o n g - s i g n a t u r e  p o i n t s .  The  " s i m p l i c i t y  m e c h a n i s m "  [32] i s  
c o n s i s t e n t  wi th  dua l i t y  and e x c h a n g e  d e g e n e r a c y  in the  p r e s e n c e  of s t r o n g  
cu t s .  

T h u s ,  the  a s s u m p t i o n s  of d u a l i t y  and  e x c h a n g e  d e g e n e r a c y  can  be  m a d e  
in  a c o n s i s t e n t  f a sh ion  e i t h e r  in a p u r e  R e g g e  p o l e  m o d e l  o r  in a m o d e l  wi th  
s t r o n g  cu ts .  T h i s  c o n s i s t e n c y  i s  e x t e n d e d  by the  i m p o r t a n c e  of  t h i r d  doub le  
s p e c t r a l  func t ion  e f f e c t s ,  w h i c h  a r e  u n i m p o r t a n t  in the  p u r e  po l e  m o d e l s ,  
and i m p o r t a n t  in SCRAM. The  c o n s i s t e n c y ,  of c o u r s e ,  d o e s  not  e s t a b l i s h  
tha t  the  d u a l i t y  a s s u m p t i o n  i s  c o r r e c t .  I t  i s  e qua l l y  c o n s i s t e n t  to not  have  
d u a l i t y  in e i t h e r  of  the  m o d e l s .  In any c a s e ,  h o w e v e r ,  dua l i t y  has  no th ing  
d i r e c t  to s a y  on the  c h o i c e  b e t w e e n  the  c o n v e n t i o n a l  m o d e l s  and  SCRAM. 

We r e m a r k e d  a b o v e  tha t  the  c o n v e n t i o n a l  m o d e l  V, s u g g e s t e d  by e x c h a n g e  
d e g e n e r a c y ,  w a s  the  c l o s e s t  to SCRAM,  in tha t  i t  had one  z e r o  p e r  a m p l i -  
tude  f o r  v e c t o r  m e s o n  e x c h a n g e ,  a l t h o u g h  the  p o s i t i o n s  of  the  z e r o s  w e r e  
i n c o r r e c t  in the  V - m o d e l .  The  connec t i on  b e t w e e n  V and SCRAM m i g h t  be  
r e l a t e d  to d u a l i t y .  I t  i s  not  p o s s i b l e  a t  p r e s e n t ,  h o w e v e r ,  to m a k e  any f i r m  
s t a t e m e n t s  on the connec t i on .  

We would  l i k e  to t hank  N i g e l  B u t t i m o r e ,  G e o f f r e y  Fox ,  R o b e r t  K e l l y ,  
D a v i d  R i c h a r d s  and  Roy Schu l t  f o r  he lp fu l  c o m m e n t s .  
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